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Conservation genetics of New Caledonian Araucaria 
Abstract 
Habitat fragmentation has ecological and genetic consequences for forest tree species. 
Theory suggests that loss of genetic variation, increased inbreeding and restricted gene flow 
may ensue. The empirical research dominated by studies of insect pollinated tropical 
angiosperms indicates that forest trees respond to fragmentation in far more idiosyncratic 
ways than theory predicts. Studying a wide range of species, with varying ecological 
characteristics, is thus essential to determine the real consequences of fragmentation for 
threatened tree species. 
The Araucaria conifers of New Caledonia are a globally significant group with 13 endemic 
species, eleven of which are threatened with extinction. The critically endangered conifer 
Araucaria nemorosa and common widespread conger A. columnaris, provide a comparative 
framework in which to empirically investigates the genetic consequences of fragmentation in 
an under studied anemophilous group. 
A survey of the genetic diversity at nuclear microsatellite loci over the species' total range 
suggests that adults of A. nemorosa are not genetically depauperate, maintaining equivalent 
levels of genetic diversity to A. columnaris (A e =20.66; 14.7; He =0.715; 0.654 in A. 
nemorosa and A. columnaris respectively). However, quantifying genetic diversity and 
inbreeding coefficients in seedling populations revealed a significant loss of allelic richness 
and a two-fold increase in the inbreeding coefficients in A. nemorosa seedlings compared to 
adult populations (FIs 0.195 vs 0.096). This indicates that genetic bottlenecks and elevated 
inbreeding are likely consequences of fragmentation of A. nemorosa populations. 
Stand structure, reproductive characteristics and population genetic structure within remnant 
populations of A. nemorosa were assessed in order to place genetic consequences in an 
ecological context. This suggests that in severely fragmented populations succession and 
genetic factors are likely to be especially detrimental to population persistence. 
The reproductive characteristics of A. nemorosa were evaluated and revealed that seed set is 
generally very low (5% seed set per cone) with a high variance among individuals. The 
consequences of fertility variance for the effective population size were explored using both 
ecological and genetic methods. This suggests that fertility variance will have few 
consequences for population genetics of wild seedling cohorts. However, in a single season 
the number of adults contributing to the seed crop may be small and this has implications for 
the sampling of germplasm for restoration. 
Quantification of genetic diversity at microsatellite loci in nursery stock of A. nemorosa 
revealed that nursery lots possess severely reduced allelic richness (A e =2.81 vs 8.83) and 
elevated inbreeding (F15 0.282 vs 0.173) compared to wild seedlings from the same source 
populations. The results suggest that sampling wild seedlings rather than collecting seed 
from a restricted number of parents will provide a more effective means of generating 
genetically healthy planting stock for restoration of A. nemorosa populations. 
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Human population growth, urbanisation and the industrialisation of agriculture and forestry 
systems have led to unprecedented habitat destruction and fragmentation. Such land-use 
change is typified by the fragmentation of forest habitats. The latest estimates of global 
deforestation, produced by the Forestry and Agriculture Organisation (FAO), indicate that 
some 13.5 million hectares of forest are being cleared annually. This has dramatic 
environmental and economic ramifications, epitomized by climate change and rates of 
species extinction. Over-exploitation of timber, conversion of forest to cultivated land and 
damming of rivers are recognized as the primary causes of biodiversity loss (WCMC 1992). 
Habitat destruction has become so pervasive that there is now a real need to reverse this 
process. Conservation and restoration of threatened habitats is vital to mitigating the current 
rate of species extinction (Brook et al. 2002). 
Conservation biology and ecological research is required to provide a scientific basis 
for the management and conservation of biodiversity. The management of threatened species 
is a challenge increasingly faced by conservation managers. Research which aims to identify 
the 'real' problems faced by threatened species, will therefore provide practical information 
for conservation managers, enabling them to efficiently allocate resources and develop 
scientifically based conservation strategies. 
Studies of threatened species tend to focus on the more charismatic mega fauna. 
However, maintaining the diversity of tree communities, which provide a vital structural and 
functional component of forest ecosystems, is fundamental to conserving biodiversity and 
maintaining ecosystem function. Over nine thousand tree species have been recorded as 
threatened with extinction, including over fifty percent of the world's conifer species 
(Newton et al. 1999). The habitat of many of these species is now highly fragmented. 
Developing an understanding of the implications of this for forest tree species survival is 
critical to their sustained existence. 
Habitat fragmentation can be defined as: the active degradation of habitat leading to 
a reduction in size and increase in isolation of suitable sites for a species to exist, this can 
result in the creation of small habitat islands in an uninhabitable or hostile matrix. 
Fragmentation of forest habitats leads to the creation of remnant forest patches within a 
landscape matrix that may be unsuitable for tree colonisation. This scale of landscape change 
has far reaching consequences, including altering the microclimate and biogeography of the 
remnant habitat (Saunders et al. 1991), and is considered a major threat to the survival of 




survival of species, which occupy remnant habitats, depends on a complex of factors 
including their autecology, breeding system, vicariance and the size and the degree of 
isolation of the patch. In this introductory chapter, 1 consider the genetic problems faced by 
fragmented plant populations. I review the approaches available to investigate these 
problems with empirical evidence from the literature with an emphasis on forest trees. 
Finally, the rationale for this research will be introduced with a detailed description of the 
study system and the aims and objectives of the project. 
1.20 Genetic problems faced by fragmented plant populations 
Fragmentation leads to a reduction in population size and an increase in isolation between 
remnant populations, which in turn may reduce the long-term effective population size 
(Frankham 1995; 2002). This is expected to have major consequences for genetic diversity, 
fitness and ultimately extinction risk (Reed and Frankham 2003; Spielman et al. 2004; 
Hedrick 2005; Reed 2005). Theoretically, two genetic problems face small isolated 
populations, loss of genetic variation and elevated inbreeding. Both of these genetic 
problems are intensified by restricted gene flow. 
1.2.1 Loss of genetic variation 
The level of genetic variation within a species is governed by the balance between mutation, 
genetic drift, migration and natural selection. Variation is generated by mutation and lost by 
genetic drift due to finite population size. Migration can have a homogenising effect by 
transferring new alleles created by mutation between populations. Selection may either 
promote the retention of variation within populations by balancing or diversifying selection 
or erode variation by the fixation of alleles (Frankham 1996). A population's ability to adapt 
to future environmental change is determined by the level of genetic variation for 
ecologically significant traits (Ennos 1996; Lynch 1996; Hedrick 2001). "Genetic uniformity 
leaves a species vulnerable to pests and to environmental change". This quote from Ledig 
(1996), made with reference to a reintroduction program of Torreya pine (Pinus torreyana), 
highlights the importance of maintaining genetic variation in endangered species. 
Fragmented populations retain only a proportion of the individuals present in the 
pre-fragmented population. The severity of this reduction in population size and the rate of 
population recovery will determine the amount of genetic variation that is lost. For example 




allele pool, resulting in a new population, which is genetically depauperate. This is termed a 
genetic bottleneck. Gene diversity and the mean number of alleles per locus will be reduced 
by such a bottleneck. As a population becomes large again then variation will be generated 
by mutation. If a population recovers quickly then this will have little effect on gene• 
diversity, even after an extreme reduction in population size. In contrast, the size of the 
bottleneck will profoundly affect the mean number of alleles at a locus. A genetic bottleneck 
will eliminate the rare alleles from a population and in extreme cases may lead to the erosion 
of even mid frequency alleles (Nei et al. 1975; Barrett and Kohn 1991; Luikart et al. 1998b). 
It may take many generations for such variation to be recovered by mutation. The properties 
of a bottleneck are predicted to affect adaptive genes in the same way as neutral genes, 
unless these genes are subject to strong selection (Nei et al. 1975). Therefore, the loss of 
alleles may reflect a loss of adaptive potential and limit a species' ability to respond rapidly 
to environmental change. 
If a population remains small over many generations then random genetic drift can 
also lead to the loss of more common alleles with an increase in the proportion of deleterious 
recessive alleles, selection being weaker in small populations. This may lead to an extinction 
vortex where the reduction in fitness prevents a population from recovering from further 
perturbations. Extinction via accumulation of deleterious alleles has been coined 'mutational 
meltdown' (Lande 1995; Lynch et al. 1995). 
In long-lived trees with very long generation times the loss of variation by genetic 
drift is unlikely to be significant in the short term, unless effective population size is 
extremely low. However, direct loss of genotypes and an increase in the relatedness between 
the remaining individuals are likely to be more immediate consequences of a bottleneck. For 
example, if there is strong genetic structure within a pre-fragmented population, a remnant 
population may be made up of individuals that are highly genetically related. This can have 
serious consequences for the breeding system and is discussed below. 
1.22 Elevated levels of inbreeding 
In concert with genetic bottlenecks and genetic drift, small isolated populations are also 
expected to have elevated levels of inbreeding as the mating system within populations is 
disrupted. This can arise in one of two ways. The frequency of self-fertilisation within 
individuals within a population may increase due to increased isolation and a reduction in the 
abundance of conspecific pollen donors. In addition mating between close relatives (bi-




dispersal where populations have high levels of within population genetic structure and 
neighbouring individuals are more likely to be related. 
Inbreeding can have a more immediate risk for the viability of a population, than 
loss of variation by itself, because of its effect on fitness (Young et al. 1996; Amos and 
Balmford 2001). Inbreeding results in an increase in homozygosity, which is predicted to 
increase expression of deleterious recessive alleles leading to inbreeding depression 
(Charlesworth and Charlesworth 1987). Inbreeding depression can affect fecundity, 
establishment and survival of individuals thus impairing a population's ability to recover 
from stochastic perturbation (Mills and Allendorf 1996; Cascante et al. 2002; Keller and 
Waller 2002). The effects of inbreeding on fitness in natural populations can be extremely 
strong in plants (Barrett and Kohn 1991). 
The implications of elevated inbreeding and inbreeding depression for population 
viability depend on the capacity of the population to purge genetic load, which is governed 
by the population size and history (Keller and Waller 2002). For instance, a rare species, 
which has persisted in small isolated populations for many generations, is less likely to 
exhibit high levels of inbreeding depression if deleterious mutations have been purged by 
selection. In contrast historically outcrossing populations can accumulate a high genetic load. 
A sudden increase in inbreeding as a consequence of fragmentation would result in an 
increase in expression of the deleterious alleles with major fitness consequences. 
Loss of variation by drift and inbreeding are governed by the effective population 
size. Habitat fragmentation reduces the effective population size by subdividing large plant 
populations that were previously connected by the presence of suitable habitat. Appreciating 
the degree of genetic, rather than physical, connectivity of fragments is thus integral to an 
understanding of the genetic implications of fragmentation. 
1.23 Restricted gene flow 
Gene flow (the movement of genes between populations), is predicted to be restricted by 
fragmentation (Young et al. 1996). The extent of this will largely depend on the mode of 
pollen and seed dispersal and population dynamics of the species. For species with abiotic 
dispersal an increase in the distance between fragments is predicted to directly reduce gene 
flow (Koenig and Ashley 2003). That said, under certain landscape conditions fragmentation 
could alter wind currents enhancing gene flow. For animal-pollinated or -dispersed plants the 




depend on the behavioural response of the vector and the level of resistance the landscape 
matrix presents (Young et al. 1996). 
Gene flow is an important force for the maintenance of genetic diversity and has 
been a central theme in evolutionary biology (Wright 1943; 1946). However, there has been 
little empirical work on the consequences of changes in gene flow patterns for adaptation or 
fitness of fragmented populations. Such changes can have positive or negative effects on 
fitness. High levels of gene flow will reduce inbreeding. Experimental and observational 
studies of small isolated populations have demonstrated that the introduction of individuals 
from other populations can result in the recovery of fitness to inbred populations (Newman 
and Talimon 2001; Madsen et al. 2004; Hedrick 2005). Equally, gene flow can result in 
outbreeding depression if poorly adapted genes are introduced into a population (Hufford 
and Mazer 2003). Furthermore gene flow can counteract divergence in the frequency of 
selectively neutral alleles by drift. Theory predicts that as few as one immigrant per 
generation is sufficient to prevent divergence by drift in small populations (Slatkin 
1987;Young etal. 1996). 
In fragmented habitats the probability of propagules reaching a suitable site for 
colonisation will be reduced. This will be especially critical to species with metapopulation 
dynamics where population extinction is balanced by colonisation of new sites. If there are 
no available colonisation sites or they are too distant from the source population then 
extinction can ensue by purely demographic effects. If on the other hand a successful 
colonisation event occurs, this genetic bottleneck or founder event (Barrett and Kohn 1991) 
will decrease genetic variation. This will be further exacerbated in fragmented populations, 
as the source population will have already lost genetic variation due to the initial 
fragmentation bottleneck, increased drift and inbreeding. 
Above I have outlined the theoretical implications of fragmentation for populations of plants. 





1.3 Empirical approaches to investigating genetic problems faced by 
fragmented plant populations 
Research into the genetic implications of fragmentation for plant species is a rapidly growing 
field. Studies have considered herbaceous species (Menges 1991; Cunningham 2000a, 
2000b) and many tropical angiosperm trees (Chase et al. 1996; Nason and Hamrick 1997; 
Aldrich et al. 1998; Apsit et al. 2001; Cascante et al. 2002; White et al. 2002). However, 
studies considering the implications for gymnosperms, which often have very different life 
history traits, are under-represented in the literature (see Bekessy et al. 2002a 2002b and 
Ledig et al. 2002 and Allnutt et al. 2003; for notable exceptions). 
1.3.1 Loss of genetic variation 
Many studies have attempted to empirically investigate the theoretical predictions of the 
population genetic consequences of small population size (Ellstand and Elam 1993; - 
Frankham 1996). Interestingly, the empirical evidence suggests that the relationship between 
population size and genetic diversity is surprisingly equivocal (Frankam 1996). In addition to 
other factors, this is probably a reflection of the range of approaches that different studies 
have adopted. Researchers have used neutral molecular markers and quantitative genetic 
traits to compare variation in populations of different sizes (Podolsky 2001), others have 
compared neutral marker variation in undisturbed and fragmented populations (Aldrich et al. 
1998; Rossetto et al. 2004). Still others have chosen to compare common and rare congener 
assuming that rarity is a correlate of population size (Karron 1987; Gitzendanner and Soltis 
2000; Cole 2003). 
Podolsky (200 1) compared populations of different sizes of the endemic annual Clarkia 
dudleyana using both isozymes and morphological variation. In this study genetic marker 
heterozygosity did not predict levels of genetic variation for quantitative traits and 
interestingly, neither of these types of variation positively correlated with population size. In 
contrast Prober and Brown (1994) found a positive correlation between population size and 
percentage polymorphism and allelic richness at isozyme loci in Eucalyptus albens 
fragments. 
The genetic variation at nuclear microsatellite markers in continuous and fragmented 
populations has been compared in adults and seedling cohorts of a number of tropical 
angiosperm trees. Aldrich et a! (1998) found that allelic richness was similar between 
continuous and fragmented plots of Symphonia g!obu!fera over a range of life stages. 
Chapter 1 
Introduction 
Similar observations were made between undisturbed and fragmented populations of the 
Australian rainforest tree Elaeocarpus grandis (Rossetto et at. 2004). Rossetto et at (2004) 
found no difference in genetic variation at microsatellite loci between the two forest types, 
although reduced heterozygosity was generally associated with increased fragmentation 
albeit not statistically significant. In contrast White et a! (1999) observed a loss of rare 
alleles in fragmented plots compared to continuous plots of mahogany (Swietenia humilis) 
with an increase in loss correlated to reduction in fragment size. 
Rare plant species are predicted to have lower levels of genetic variation due to the 
effects of small effective population size (Barrett and Kohn, 1991; Ellstrand and Elam, 
1993). Van Rossum et at. (2004) compared the genetic variation at isozyme loci in the 
common Primula veris with its rare relative P. vulgaris in a fragmented agricultural 
landscape. P. vulgaris was genetically depauperate compared to the more widespread P.veris 
based on all diversity estimators. Furthermore, smaller populations of P. veris exhibited a loss 
of genetic variation compared to more dense populations. However, high gene diversity has 
been reported for many other rare species (Gonzalez-Astorga and Castillo-Campos 2004). 
Several review papers have compared the genetic variation at isozyme loci in rare species to 
widespread congener's (Karron 1987; Gitzendanner and Soltis 2000; Cole 2003). The results 
from these studies suggest that on average rare species do have lower levels of genetic 
variation. However, Gitzendanner and Soltis (2000) reiterate an earlier point made by 
Hamrick (1983) that rarity does not confine a species to low levels of genetic variation and 
each rare species should thus be treated as a unique entity. The relationship between rarity 
and genetic variation is likely to be idiosyncratic because of the multifaceted nature of rarity 
itself (Rabinowitz 1981). The type of rarity will have direct consequences for a species' 
population genetics. For example a species may be rare because it is endemic but be locally 
abundant, while another species may be widespread and considered common but locally rare. 
Whether a reduction in genetic variation is identified can be dependent on the 
estimator of genetic variation considered. In some studies that have observed a reduction in 
allelic richness and percentage polymorphic loci, heterozygosity has shown no such decline 
(Aldrich et al. 1998; White et al. 1999). Gitzendanner and Soltis's (2000) reported no 
significant difference in total gene diversity (expected heterozygosity, H) between rare and 
widespread congener. This can be explained by the different response of the two estimators 
to bottlenecks (Nei et at. 1975). While allelic richness is sensitive to both the size and 
duration of a bottleneck, rare alleles being rapidly lost, gene diversity will be relatively 
insensitive to such changes (Leberg, 1992; Luikart et at. 1998a and Spencer et at. 2000). 




Fagus sylvatica (Comps et al. 2001). Theory predicts that glacial refugia will maintain 
higher levels of genetic variation than colonized sites, which are likely to be have 
experienced founder events. Many phylogeographic studies have empirically investigated 
this prediction using gene diversity rather than allelic richness (Widmer and Lexer 2001). As 
Widmer and Lexer (2001) point out, using gene diversity is likely to be highly inappropriate 
in this context, allelic richness providing a better indicator of past history (El Mousadik and 
Petit 1996). 
The loss of neutral marker variation can provide great insight into a population's 
history. However, the appropriateness of using measures of genetic variation at neutral 
marker loci as a surrogate for the adaptive potential or fitness of a species is more 
questionable. The lack of congruence between these measures has a sound theoretical basis 
(Ennos 1996, Lynch 1996, and Young et al. 1996). Furthermore, the general message from 
the experimental and empirical research is that management decisions based on neutral 
marker variation alone will often be highly inappropriate (Ennos et al. 1996; Gray 1996; 
Knapp and Rice 1998; Podolsky 2001; see Reed and Frankham 2001 and 2003 for meta-
analysis). 
Knapp and Rice (1998) compared neutral marker and quantitative trait variation in 
the grass species Nassella pulchra from ten populations. These had been identified as seed 
sources for a restoration project. The study found a lack of congruence between neutral 
marker variation and quantitative variation. Ennos et al. (1996) investigating Primula scotica 
a rare Scottish endemic, observed a similar incongruence between quantitative and neutral 
marker variation. Karhu et al. (1996) demonstrated that a range of neutral markers including 
isozymes, RFLPs, RAPDs and microsatellites were all poor predictors of population 
differentiation for quantitative traits over a climatic gradient of populations of Pinus 
sylvestris. More recently, Bekessy et al. (2002b) have demonstrated the same lack of 
congruence between RAPD variation and adaptive variation for drought tolerance in the 
conifer Araucaria araucana. 
The predictive value of neutral marker variation is likely to be greater when 
populations are primarily affected by genetic drift and bottlenecks. Under these conditions, 
losses of diversity at single marker loci over the short term are likely to be more indicative of 
losses of overall adaptive potential (Parzies et al. 2000). Empirical evidence from studies 
using experimental plots of the eel grass Zostera marina have demonstrated that genetic 
diversity is associated with increased resistance to natural disturbance and resilience 




1. 3.2 Changes to mating system in fragmented populations 
Studies of the consequences of fragmentation for mating systems in outcrossing wind-
pollinated plants are limited, especially in tropical conifers with studies of gymnosperms 
dominated by the more commercial temperate species within the Pinaceace. Robledo-
Arnuncio et al. (2004) compared the outcrossing rates in a small isolated population of Pinus 
sylvestris with two more widely dispersed populations. They performed paternity assignment 
based on total exclusion, using a set of one nuclear and four chioroplast microsatellites, 
providing individual and population selfing rates. They observed that on average, trees in the 
small population showed an eight-fold increase in selfing and a 100-fold greater incidence of 
correlated paternity than trees from the larger populations. Interestingly, no evidence of 
pollen limitation was observed, based on comparison of aborted ovules. In fact, the 
percentage fertile cone scales pollinated were actually higher within the small population 
although this was at the cost of increased selfing (Robledo-Arnuncio et al. 2004). 
Zheng and Ennos (1999) used isozymes to genotype both haploid endosperm and the 
diploid embryos of seeds sampled from different populations of the tropical conifer Pinus 
caribaea var. caribaea. From this the maternal genotype was inferred at each locus and the 
single and multilocus outcrossing rate estimated. They observed elevated bi-parental 
inbreeding and self-fertilisation in a managed seed orchard and heavily logged population 
respectively, compared to a wild unmanaged population. 
Changes in the mating systems can be indirectly inferred from the inbreeding 
coefficient F15 using co-dominant molecular markers. This is a convenient alternative to 
paternity or parentage analysis, as it does not require exhaustive sampling or knowledge of 
the parental genotypes. Aldrich et al. (1998) in their study of Symphonia globulfera 
compared the microsatellite multilocus inbreeding coefficient (F15) of adults, saplings and 
seedling cohorts of continuous and fragmented stands. They found significant elevated levels 
of inbreeding (indicated by F15) associated with seedlings in small fragmented stands. In 
contrast Walter and Epperson (2004) in a comparison of old growth and a logged site of 
Pinus strobus observed no significant inbreeding (F15) in either seedling population using 
microsatellites. 
Several studies have investigated the relationship between fragment size inbreeding 
and inbreeding depression in plants (Keller and Waller 2002), investigating fitness in terms 
of seed set and germination rates. For example, Menges (1991) observed that seed 
germination declined in isolated populations of Silene regia when the population size 
dropped below 150 plants. Similarly, seed and seedling size and survival declined in smaller 
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populations of the rare gentian Gentianan pneumonanthe (Oostermeijer et al. 1994 and 
1995). Cascante et a!, (2002) established that in the tropical forest tree Samanea saman, 
although the proportion of pollen deposited on stigmas of flowers between isolated and 
continuous forest trees was similar, the number of pollen tubes reaching the base of the style 
of flowers was significantly lower in isolated trees. The authors suggested that geitonogamy 
is likely to be greater in isolated trees and that self-pollen is arrested at the top of the style 
because of self-incompatibility. Interestingly, Cascante et al. (2002) observed that although 
total seed production was independent of the tree situation, there was a significant decrease 
in germination rate, leaf area and seedling biomass of progeny from isolated trees, 
inbreeding depression being a possible explanation for this reduced vigour. 
1.3.3 Restricted gene flow 
The use of isozymes to infer the genetic structure in plant populations burgeoned in the 
1980s and 1990s culminating in the seminal work of Hamrick and Godt (1989). They 
reviewed the genetic diversity and levels of differentiation in plant species and related this to 
life history traits. This work, to some extent, laid the foundations for theoretical predictions 
of the population genetic consequence of fragmentation for gene flow and genetic structure 
in plant species. This suggested that although in general tree species show little genetic 
differentiation compared to other plant species, differentiation is greater between populations 
of insect pollinated angiosperms. Wind-pollinated gymnosperms show low among 
population genetic differentiation (Gs ) (Hamrick and Godt 1996). Based on these 
generalisations it is expected that gene flow in gymnosperms will be less susceptible to the 
effects of fragmentation. 
Ledig et a! (2002) used allozymes to investigate genetic structure and the mating 
system in the threatened Mexican spruce (Picea mexicana). This species survives as 
fragments on mountains in Mexico's Sierra Madre Oriental and the Sierra Madre Occidental. 
Despite populations being separated by distances of 676 km they showed little sign of 
differentiation with about 6% of variation among populations. In contrast Allnutt et a! (2003) 
found relatively high levels of variation (18.6%) among fragmented populations of the 
threatened conifer Pilgerodendron uv?ferum using RAPD markers. They suggested that 
fragmentation had led to the elevated differentiation and reduced diversity in isolated 
populations. 
Whether genetic differentiation is detected between fragments using such indirect 




structure in the adult populations will reflect historic gene flow. This may be very different 
to contemporary gene flow in recently fragmented landscapes. Dayanandan et a! (1999) for 
example found that the level of genetic differentiation was greater among the sapling cohort 
compared to adults in isolated fragments of the tropical tree Carapa guianensis. A similar 
observation was made in a comparison of seedling and adult cohorts of Symphonia 
globulifera (Aldrich and Hamrick, 1998) where seedlings showed the greatest genetic 
differentiation. 
Many studies have used indirect methods based on Fsr to infer the number of 
migrants that have historically been exchanged per generation between populations. 
However, the appropriateness of this has been brought into question because the assumptions 
of the underlying model (i.e. no selection or mutation, equilibrium between genetic drift and 
migration) are rarely met in wild populations (Whitlock and McCauley 1999). 
The development of highly variable microsatellite markers (Chase et al. 1996) and 
new statistical approaches have made the investigation of contemporary gene flow in the 
context of forest fragmentation much more feasible (Sork et al. 1999; Smouse and Sork 
2004). The most direct approach uses paternity analysis to identify the paternal contribution 
to progeny from known mother trees (Adams 1992; Burczyk et al. 2002). Pollen dispersal is 
determined by genetic exclusion, where multilocus genotypes of offspring are compared to 
putative parents in a defined area surrounding a mother tree. If the offspring genotype cannot 
be explained by gamete contribution from an adult within the neighbourhood then it is 
considered 'inflow'. Contrary to predictions this approach revealed long distance dispersal in 
fragmented insect pollinated tree species. For example Nason and Hamrick (1997) 
demonstrated that in fragmented populations of Symphonia monbin and Ficus sp. gene flow 
by pollen can occur over very great distances (up 5-15km). White et a! (2002) demonstrated 
that isolated trees of Swietenia humilis actually receive pollen from greater distances than 
trees in continuous forest and fragmentation may actually enhance gene flow under some 
circumstances. 
Similar studies of contemporary gene flow in undisturbed populations of wind-
pollinated species have revealed that effective pollen inflow into populations is usually 
extensive (Burczyk et al. 1996; Streiff et al. 1999). However, Schuster and Mitton (2000) 
estimated that only 6.5% of pollen was inflow into a population of Pinus flexilis isolated 
from other scattered stands by just 2 km and more continuous populations by over 100 km. 
The TWOGENER approach (Smouse et al. 2001; Austerlitz and Smouse 2002) 
combines paternity and genetic structure analysis to infer pollen dispersal distances. Sork et 




Quercus lobata. Their study demonstrated that the number of pollen donors per tree (N) 
was on average less than four and effective pollen dispersal distances were only 65 metres. 
A small number of effective fathers has also been observed in Quercus alba, --8.22 (Smouse 
et al. 2001), and Pinus echinata, 3.4-3.5 (Dyer et al. 2001), using the same approach. In 
contrast, Robledo-Arnuncio et a! (2004) observed much larger numbers of effective fathers 
in P. sylvestris > 70. 
The findings from these studies indicate that contrary to theoretical predictions gene 
flow in wind-pollinated tree species may actually be more sensitive to the effects of 
fragmentation than insect or animal pollinated species. One explanation for this may be that 
the animal or insect vectors can actively seek conspecific trees. This point is well illustrated 
by one of the few studies that have investigated seed flow in fragmented populations. 
Aldrich et al. (1998) in their study of Symphonia g!obulfera revealed that a majority of the 
seedlings in a remnant forest were derived from isolated pasture trees. They suggested that 
the high fruit production of these pasture trees attracted foraging bats (the seed dispersal 
agent) while the remnant forest provided more favourable roosting sites, resulting in the 
movement of seed from isolated trees into the forest remnants. Isolated trees acting as 
stepping stones for gene flow in fragmented landscapes have been reported in other studies 
(Cascante et al. 2002). In contrast, wind is likely to be more random as an agent of dispersal. 
1.4 Conclusions 
The current empirical evidence demonstrates that fragmentation clearly has a range of 
genetic consequences for plant populations. Fragmentation can lead to the loss of genetic 
variation via genetic drift, bottlenecks and inbreeding. The empirical evidence suggests that 
fragmentation can alter mating systems leading to elevated levels of inbreeding and 
inbreeding depression (Keller and Waller 2002). However, the implications of this for 
population viability are less well understood. While the genetic factors may affect the fitness 
of an individual or a population, it is the interaction of these genetic factors and ecological 
factors that determine population persistence. Studies are needed that integrate conservation 
genetics and ecological approaches to interpret the mechanisms threatening population 
survival within fragmented ecosystems. 
The empirical evidence from gene flow studies suggest that in fragmented 
landscapes tree populations will sometimes experience a reduction in gene flow and 
sometimes gene flow will be enhanced. There appear to be no generalisations that can be 
drawn from the literature. While it is clear that genetic changes will occur, it is increasingly 




by population genetic theory (Young 1996). Empirical investigation over a wide range of 
taxa with diverse life history traits within appropriate study systems are vital to demonstrate 
the consequences of fragmentation for species conservation. Wind pollinated trees which are 
under-represented in the literature may be more affected by fragmentation than previously 
expected. Empirically investigating the genetic consequences of fragmentation in species of 
wind-pollinated tropical conifers will provide insight into a plant group that is currently 




1.5 Motivation for this research 
More than half of the world's threatened species occupy only 1.4% of the land surface in so-
called 'biodiversity hotspots' (Myers et al. 2000; Brook et al. 2002), which represent in total 
44% of the world's plant species. These areas are both irreplaceable and vulnerable and as 
such represent priority sites for research to inform conservation. New Caledonia is such a 
'biodiversity hotspot'. This island archipelago has an area of 19,000 kin  with over 3000 
species of vascular plants, 77% of which are endemic. This diversity is especially reflected 
in the richness of gymnosperms, with 43 species described as endemic representing almost 
7% of the world's conifer species (Jaffré 1995); no other territory approaches such conifer 
diversity (Watt 1999). 
The conifer flora of New Caledonia represents an internationally important group, 
which have received limited research attention. Mineral mining, timber exploitation, land 
clearance and increased fire frequency are putting 29 of these species in jeopardy (Bouchet 
et al. 1995, Watt 1999). Eleven of the 13 species of New Caledonian Araucaria have IUCN 
conservation status. Three of these species are endangered, one is critically endangered (A. 
nemorosa) and one is vulnerable, based on IUCN definitions (Watt 1999). New Caledonia 
has been considerably altered since the arrival of man ca. 3500 years ago with over 50% of 
the original forest cover lost (Jaffré 1998). The Araucaria of New Caledonia provides an 
ideal study system to empirically address the consequences of fragmentation in an important 
taxonomic group. Furthermore, an understanding of the genetic resources within this group 
and identifying the threats associated with habitat fragmentation will provide valuable 
information for developing strategies for their conservation and restoration. 
The central aim of this thesis is thus to address issues of conservation and 
management of genetic resources in the New Caledonian Araucaria. A comparative 
approach is adopted using a locally common species (A. columnaris) and a critically 
endangered sister species (A. nemorosa) to empirically investigating the genetic 




1.6.0 Study species, two endemic conifers with similar ecology but contrasting 
distribution and conservation status 
Phylogeography and taxonomy. The Genus Araucaria (Araucariaceae, Pinatae) is the most 
diverse genus in the family, with a disjunct distribution throughout the southern hemisphere 
(Setoguchi et al. 1998). Of the 19 extant species only two species are found in South 
America, A. araucana (Chile, Argentina) and A. augustfolia (Southern Brazil, north-eastern 
Argentina and eastern Paraguay). The rest are distributed across Australasia; A. bidwillii in 
Australia, A. hunstainii in New Guinea, A. cuhninghamii in Australia and New Guinea, A. 
heterophylla on Norfolk Island, with the greatest diversity in New Caledonia, with 13 
endemic species. 
The genus Araucaria has been classified into four extant sections the Araucaria, 
Bunya, Intermedia and Eutacta. There are 15 species in the section Eutacta including the 13 
New Caledonian species, A. cunninghamii and A. heterophylla. Phylogenetic studies in the 
genus suggest that the New Caledonian taxa form a monophyletic group to which the other 
two species are basal (Setoguchi et al. 1998). The Eutacta are distinguished from the section 
Araucaria by its 4 epigeal cotyledons, needle like (acicular) juvenile leaves and terminal 
pollen cones. Phylogenetic studies of the New Caledonian species have revealed that three 
low altitude species form a monophyletic group within the New Caledonian Aracuaria (A. 
nemorosa, A. columnaris and A. luxurians), (Kranitz pers. comm.2003). This thesis focuses 
on two of these species, A. nemorosa and A. columnaris. 
6.1. Araucaria nemorosa Laubenfels. (Araucariaceae, Pinatae) 
Morphology. D. J. de Laubenfels first described A. nemorosa in 1969. This led to the formal 
description and illustration of A. nemorosa in Flore de la Nouvelle Calédonie et 
Dépendances number 4 Gymnospermes in 1972 (de Laubenfels, 1972 see Figure 1.1). A. 
nemorosa is distinct from the majority of other New Caledonian species in having mature 
leaves which are triangular or quadrangular in section and less than 3 mm wide (Fig. 1.1) (de 
Laubenfels, 1972). The leaves typically vary in length along the stem, giving the 
characteristic undulating form to the branch (Fig. 1.1 and 1.2 b). The trees can attain heights 
of 15 to 20m in closed forest (Fig. 1.2 a) but more typically are smaller in stature especially 
in open scrub (Fig. 1.2 c-e). The crown has a characteristic dome shape that makes it 
distinguishable from the more columnar crown of A. columnaris (Fig. 1.2 d-e). The bark has 




columnaris. Pollen cones are smaller in A. nemorosa compared to A. columnaris and the 
blades of the microsporophyll are smaller with fewer pollen sacs . The female cones and 
seed scales are also smaller and less broadly rounded, A. nemorosa wings being broadly 
ovate (Waters et al. 2002). 
Distribution and conservation status. A. nemorosa has the highest conservation status of all 
the New Caledonian Araucaria currently categorised as 'critically endangered' by the IUCN 
(Watt 1999). This species is known only from the region around Port Boise, south of the 
Plaine des Lacs, in the extreme south of Grand Terre (Fig. 1.3). Survey work on the 
distribution of A. nemorosa by Waters et al (2002) and our own field observations have 
confirmed this status, suggesting an area of occupancy of less than 2 km2 and an extent of 
occurrence of much less than 100 km 2  A. nemorosa is distributed over 8 known fragmented 
populations one of which was identified during field work as part of this research (Waters et 
al. 2002; pers. obs. 2003), see Fig. 1.3. 
Habitat. A. nemorosa is a canopy emergent in the coastal forest of the region, which has 
been characterised as low altitude dense evergreen forest (Morat et al. 1981). The 
angiosperm trees form a canopy at about 10 in in such forest. The underlying substrate is 
typically impoverished indurate ferritic soils overlying peridotites (McCoy and Jaffre 1999), 
with extensive areas of scrub over black laterized rock termed 'cuirasse' (Enright and 
Goldblum 1998). This vegetation type is dominated by Baeckea ericoides with clusters of A. 
nemorosa likely to be secondary vegetation (McCoy and Jaffre 1999) forming a transition 
from scrub to coastal forest (see Fig. 1.2 c). The majority of populations are found at 
approximately 20 in to 30 in above sea level, within 1 km of the sea. However, there is a 
single inland population know as Foret Nord (N6 Fig. 1.3), at an elevation of around 170 in 
above sea level, which falls within the confines of an extensive mining development. 
Reproductive ecology and phenology. A. nemorosa is described as a monoecious species 
with wind dispersed seed and pollen. The reproductive ecology in this genus is understudied. 
However, the sister species A. columnaris has received some attention (Veillion 1978; see 
section 1.6.2). These two species are considered to have very similar reproductive biology 
and phenology. Reproduction is very slow in A. nemorosa taking place over a period of 
around 28 to 30 months. The female cones take over a year to reach maturity and then a 
further year to ripen after pollination. The seeds are dispersed individually directly from the 
tree as the cone fragments in the wind. There is no seed dormancy or seed bank as seeds that 
have not germinated rot quickly on the ground. Male cones take less time to develop, 
appearing at branch terminals in June to July and mature from September to December with 





DE LAUBENVELS. - GYMNOSPERMES 
Figure 1.1 Plate showing morphology of Araucaria nemorosa de Laub 
1, single branch with young leaves x 2; 2, young leaf x 4 and 
transverse section x 8; 3, branch with adult leaves x 213; 4, pollen 
cone (base and top) x 213; 5, microsporophylle view of the side and 
top x3; 6, Female cone x 2/3; 7, the female cone receptacle with seeds 
removed; 8, seed viewed face on; 9, seed in side profile x 2/3. (From 
de Laubenfels 1972). 
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emergent specimen of A. nemorosa. b.) foliage of A. nernorosa. C.) A. nemorosa on edge of 
cuirasse scub vegetation. d.) view over the Port Boise coast line showing the domed crown 
of A. nernorosa (foreground) and distant columnar crown of A. coluninaris. e.) New Forest 
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Figure 1.3 Location of the eight known fragmented populations of A. nemorosa from the Port 
Boise region in the south east of New Caledonia. The black polygons are total distribution of 




1.6.2. Araucana columnaris (C. Forst.) Hook. (Aracariaceae, Pinatae). 
Taxonomy. This species was first described in Curtis's Botanical Magazine, one year after it 
was brought to the Royal Botanic Gardens Kew London (Hooker, 1852). Captain Cook first 
recorded it on his second voyage in the Pacific, found only on the small islands off southern 
New Caledonia and presumably from where it gained its vernacular name Cook pine. A. 
columnaris was more recently described and illustrated in the Flore de la Nouvelle Calédonie 
et Dépendances (de Laubenfels, 1972 see figure 1.4) and by Jaffré (1995). Recent 
phylogenetic studies suggest that A. columnaris is a closely related sister species to A. 
nemorosa (Kranitz pers. comm. 2003). 
Morphology. A. columnaris is probably the tallest of New Caledonian Araucaria attaining 
heights of up to 60 in and a diameter at breast height of 80cm to 90cm. Its size and highly 
caduceus branches which are replaced by adventitious branches as the trees mature, give the 
columnar appearance (de Laubenfels 1972). Captain Cook noted its potential as a source for 
replacement ship masts on his second voyage in the Pacific (Hooker, 1852). The young leaves 
as in A. nemorosa are acicular but as the foliage matures the leaves become much flatter and 
more scale like than the mature foliage of A. nemorosa making them easily distinguishable 
(compare Fig. 1.2 b and 1.5 f). The bark is horizontally fissured and peeling but is not 
particularly useful as a distinguishing feature. 
Distribution and conservation status. Throughout this thesis I refer to A. columnaris as 
common and widespread. It has a widespread distribution in New Caledonia (Fig. 1.4) and in 
comparison to the other endemic Araucaria (especially A. nemorosa) it is very common with 
populations made up of many thousands of individuals. It is not currently classified under 
IUCN categories, although some populations may be threatened from over exploitation (Watt 
1999). A. columnaris is at its most abundant in dense mono-specific populations on coral 
reefs on the Loyalty Islands (Fig. 1.5 a), Isle of Pines (Fig. 1.5 b-d) and south coast of Grande 
Terre. It is only rarely naturalized on substrates other than coral (Jaifré 1995) but has been 
widely planted for its timber and cultural symbolism (Watt 1999). The columnar form of A. 
columnaris has important significance as a symbol of male fertility in native Kanak culture 
and is traditionally planted to celebrate the birth of a male child (Kranitz pers. comm. 2003). 
There are two outlying populations on the south coast of Grand Terre, a small and isolated 
island population (Fig. 1.5 e) and Baie des tortues (Fig. 1.6 and Chapter 2 Fig. 2.3). 
4,11 
Habitat. A. columnaris occurs in the range 0-100m above sea level (asl) (the lowest of the 
Araucaria with the exception of A. nemorosa) reaching its maximum growth and abundance 
at sea level in dense evergreen rainforest (Jaffré 1995). It is the only member of the New 
Caledonian Araucaria associated with calcareous substrates (see figure 1 .5c), most other 
species occurring on ultramafic soils. The only ultramafic soil on which A. columnaris 
naturally occurs is oxydic indured where it has a low abundance (Morat et al. 2001). In the 
Port Boise region A. colu,nnaris is abundant on the coast where it occurs almost sympatrically 
with A. nemorosa although the latter species tends to be further inland. 
Reproductive biology and phenoio'. A. columnaris along with all other New Caledonia 
Araucaria species, is monoecious (Veillion 1978), the crown of the tree can be divided into 
four discrete regions with regard to cone production. Female cones are borne on ramuli 
always in the top of the tree (distal region) (see Fig. 1 .5 f). As trees reach sexual maturity, 
female cones are always the first to be produced, this has been confirmed on several 
specimens of A. columnaris of 18 years of age (Veillion 1978). Male cones (Fig. 1.5 g) are 
produced by ramuli of varying age on the central and lower parts of tree though a transition 
zone exists where both cones may be present. The basal zone is sterile (Veillion 1978). Male 
cones appear in June to July and mature from August to October. Pollination occurs around 
November, female cones appearing in September and mature from September to December 
the following year (Nasi 1982). Pollen is wind dispersed. Pollen grains germinate extra 
ovularly in Araucariaceae with pollen tubes growing into the ovule (Owens el al. 1996). 
Female cones ripen in January to February the following year. This coincides with the 
cyclone season, hinting that wind may be the principle mechanism of seed dispersal with 
cyclones possibly being an important dispersal agent. Fecundity in A. coluninaris can be very 
high and carpets of seedling can be observed in some coastal populations (Fig. 1.5 h). 
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Figure 1.4 Plate showing morphology of Araucaria columnaris. 1, 
portion of a young branch x 2/3; 2 detail of a young stem x 2; 3, 
portion of a branch with adult foliage x 2/3, 4, detail of adult stem x 2; 
5, pollen cone x 2/3; 6, microspophylle, view from the top and side x 
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Figure 1.5. Plate of A. colwnnaris images: a.) dense population of A. columnaris On 
south coast of the Loyalty island of Lifou; b.) Island populations off Island of Pines; c.) 
coastline of Island of Pines (Kuto Head) with young tree growing out from coral in 
foreground; d.) Itot Duroc raised coral island colonised by A. columnaris; e.) Ilot Porc 
Epic, isolated island populations off south east of Grand Terre; f.) female cone dissected 
showing with single seed; g.) male cone; h.) dense carpet of columnaris saplings. 
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1.7 Aims and objectives 
Jntivilzietion 
The overall aims of this research are to assess the genetic consequences of fragmentation in 
populations of New Caledonian Araucaria and to investigate how genetic factors interact 
with ecological factors to determine the risk of extinction in an endangered tree species. By 
using an empirical approach this study aims to provide guidelines for both the conservation 
and restoration of populations of threatened species of the genus Araucaria, endemic to New 
Caledonia, based on a sound understanding of the genetic, ecological and demographic 
consequences of fragmentation. 
Araucaria nemorosa and A. columnaris provide a very useful comparative 
framework, which enables us to make comparisons between a critically endangered species 
and a relatively common widespread species that are evolutionarily closely related with 
similar ecology. One is likely to have been through a recent bottleneck (A. nemorosa) while 
the other (A. columnaris) is more likely to be in a state of relative drift/migration 
equilibrium. The island and coastal populations of A. columnaris of the Island of Pines also 
provide a unique opportunity to assess the effects of historic fragmentation on the population 
genetics in a situation where populations vary in size and level of isolation that is analogous 
to that of A. nemorosa, which is presumed to have been more recently fragmented. 
The four specific questions and objectives of this research are outlined below and represent 
the subsequent chapters of this thesis. 
1. Is a highly fragmented critically endangered conifer species genetically depauperate 
compared to a more common congener? 
This question will be addressed by assessing the organisation of genetic variation at both 
nuclear microsatellite markers (nSSR) in adult populations of A. nemorosa and nSSk and 
chioroplast microsatellites markers (cpSSR 's) in A. columnaris over their entire range. This 
provides a measure of the species level neutral genetic variation within a rare and 
endangered species compared to a more common species and the population level genetic 
diversity within remnants. From this data insight can be gained into the population history, 
mating systems and historic gene flow. 
2 Does A. nemorosa show signs of entering an extinction vortex as a consequence of 
fragmentation? 
This question is addressed by assessing the organisation of genetic variation at nuclear 




variation, differentiation between fragments and inbreeding coefficients in seedling 
populations compared to adult cohorts are quantified providing insight into the more 
contemporary genetic consequences of fragmentation. Comparison will be made with 
seedling populations of A. columnaris over an equivalent spatial scale. 
allow do genetic and ecological factors combine to threaten A. nemorosa populations 
and what is the cause of elevated inbreeding in A. nemorosa seedling populations? 
Identifying the real threats to a species requires a consideration of both the genetic and 
ecological factors that determine population persistence. To address this question stand 
structure and reproductive characteristics of A. nemorosa are investigated to provide insight 
into the population dynamics and provide the ecological context for the interpretation of 
genetic data. The within population genetic structure is assessed using nuclear microsatellites 
in adult and seedling of A. nemorosa and is combined with an analysis of paired adult and 
seedling genotypes to investigate mating behaviour in remnant populations. 
4. Are current sampling strategies of germplasm effective at capturing the extant 
genetic variation for restoration of A. nemorosa populations 
The genetic variation in nursery seedling populations of A. nemorosa is assessed at nuclear 
microsatellite loci and compared to those observed in wild seedlings and adults from the 
source populations. This is used to detect genetic bottlenecks in the nursery seedling 
populations. 
In the final discussion chapter, the findings from this research are brought together in a 
summary and discussed in the context of developing practical conservation and restoration 
guidelines for A. nemorosa and other threatened Araucaria of New Caledonia. The 
circumstances under which genetic factors may present a real threat to conservation are 
discussed and the implications that this has for management. Finally, further research is 
proposed which would add to our understanding of the factors that may lead to extinction in 
this fascinating group of conifers. 
Chapter 2 
Chapter 2: Genetic diversity and population structure in fragmented New 
Caledonian Araucaria: a comparative study 
Abstract 
The Araucaria forests of New Caledonia have been severely cleared and degraded as a result 
of mining and land use change. Recognizing the genetic consequences of such fragmentation 
for threatened species is essential to developing better conservation management strategies. 
This study investigates the genetic consequences of fragmentation in severely fragmented 
populations of the endangered conifer Araucaria nemorosa by comparing its genetic 
variation with the more common congener A. columnaris. A total of 263 (7 populations) and 
461 (15 populations) individuals were analysed for seven microsatellite loci in A. nemorosa 
and A. columnaris respectively over their species range. Both species maintain high levels of 
genetic variation at microsatellite loci with the number of alleles per locus ranging from 5 to 
38. No significant difference was observed between species for allelic richness and gene 
diversity (A. nemorosa A = 20.66, A. columnaris A = 14.7; A. nemorosa H = 0.715, A. 
columnaris He = 0.654). However, A. nemorosa had a higher number of alleles and 
significantly higher population level gene diversity (A. nemorosa H,=0.6 1, A. columnaris 
0.53, P-value <0.05). Overall there was no significant difference between small isolated and 
more continuous populations for any genetic diversity parameters. However, when 
considering populations individually the smallest and most isolated are characterised by low 
diversity. Foret Nord had notably lower allelic richness (A c = 5.7) than other A. nemorosa 
populations and the extremely small and isolated population of A. columnaris, Porcupine 
Island had the lowest allelic richness (A = 3.4) of any population in either species. Overall 
both species exhibit a departure from random mating with significant heterozygous deficit 
(Fjs =0.097 and 0.118 in A. nemorosa and A. columnaris respectively) and there is significant 
differentiation among populations for microsatellite loci (FST = 0.06 and 0.123). A pattern of 
isolation by distance was revealed over the regional scale of A. columnaris with significant 
structure associated with geographic regions. Over an equivalent spatial scale to that of A. 
nemorosa, A. columnaris shows equivalent levels of differentiation between populations 
(Fsr = 0.05). The most isolated population of A. nemorosa Foret Nord has a mean pairwise 
FST (0.072) considerably higher than any observed in A. columnaris over an equivalent scale, 
indicating that this population may be genetically isolated from other remnant populations. 
In conclusion it appears that fragmentation has not led to genetic erosion in remnant 
populations of A. nemorosa. However, in one extreme case fragmentation does appear to 
have led to a genetically depauperate and isolated population. 
Chapter 2 introduction 
Genetic diversity and population structure infragniented New Caledonian 
AraucarIa: a comparative study 
2.1.0 Introduction 
The consequences of forest fragmentation for community and ecosystem processes have 
been well documented (Laurance and Bierregaard 1997; Laurance et al. 2002). While it is 
widely accepted that fragmentation is probably the most pervasive long-term threat for many 
plant species (Saunders et al. 1991), the empirical evidence to support this is limited 
(Ellstrand and Elam 1993; Newman and Pilson 1997; Aldrich and Hamrick 1998). 
Fragmentation reduces population size and may isolate populations, having both ecological 
and genetic repercussions for the remnant populations. The genetic consequences of 
fragmentation are a much-debated topic (Elistrand and Elam 1993; Frankham 2001; Hedrick 
2001; Keller and Waller 2002) that critically depends on the level of gene flow between 
fragments within the landscape. Theoretically, two genetic problems face small isolated 
populations; loss of genetic variability and elevated levels of inbreeding. Both these 
phenomena are likely to compromise a population's viability in the short (Barrett and Kohn 
199 1) or long term (Young et al. 1996; Amos and Balmford 200 1) and may contribute to the 
so called 'extinction vortex' a term coined by Gilpin and Soulé (1986). 
Some nine thousand tree species have been recorded as threatened with extinction, 
including over 50% of the world's conifer species (Newton et al. 1999). How well tree 
species are able to survive in newly fragmented landscapes is therefore a question of great 
conservation relevance. Empirical research has considered the effects of fragmentation for 
many tropical angiosperm trees (Chase et al. 1996; Nason and Hamrick 1997; Aldrich et al. 
1998; Apsit et al. 2001; Cascante et al. 2002; White et al. 2002). This research has 
demonstrated the complex and dynamic ways in which different species respond to 
fragmentation, with growing empirical evidence that isolated angiosperm trees can 
experience elevated levels of gene flow in fragmented forest landscapes (Aldrich etal. 1998; 
White et al. 2002). However, there have been few studies considering the implications of 
fragmentation for gymnosperms (Bekessy et al. 2002a and 2002b; Ledig et al. 2002; Allnutt 
et al. 2003). 
Seminal work by Hamrick et a! (1989; 1996; 1992) has contributed to developing 
guidelines for conservation of endangered plant species based upon reviewing a wide range 
of plant groups (Falk and Holsinger 1991). High levels of gene flow and low levels of among 
population variation typify generalisations made from reviews for conifer species. However, 
much of the data contributing to the development of these generalisations is dominated by 
studies of widespread temperate conifers particularly within commercially important genera 
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such as Abies, Pinus, Picea and Pseudotsuga (Hamrick et al. 1992). While these 
generalisations are useful they may not always apply to atypical groups such as endemic 
tropical conifers. Clearly studying a range of tree species, with contrasting life history traits, 
is essential to further our understanding and to develop effective and appropriate 
conservation strategies. 
Molecular studies can provide valuable insights into the processes influencing 
extinction, particularly historical events such as fragmentation and population bottlenecks 
(Frankhani et al. 2002). Biparentally inherited co-dominant nuclear microsatellite markers 
(nSSRs) provide an effective tool for such studies. Quantifying species level genetic 
variation, how this is distributed between populations within a landscape, and understanding 
the processes that determine how this variation is distributed are crucial to developing 
effective conservation strategies. Furthermore, an understanding of the available genetic 
resources of forest trees is especially relevant for forest conservation and restoration where 
remnant forests are highly fragmented (Ennos 1998). 
The Araucaria of New Caledonia offer an ideal study system for investigating the 
genetic consequences of fragmentation for threatened wind-pollinated tropical conifers. 
Araucaria nemorosa is a locally rare and highly fragmented species while Araucaria 
columnaris is locally abundant but occurs in a naturally fragmented landscape. These two 
species are evolutionarily closely related with similar biological and ecological 
characteristics, allowing a comparative approach to investigate whether adults of the 
threatened species are currently suffering the effects of fragmentation. 
2- 1.1 Objectives of study 
Araucaria nemorosa is considered to be in a serious state of decline, subject to a range of 
threats including habitat loss, timber extraction and fire. It is known to have low levels of 
seed set and the level of recruitment in remnant stands is of concern. A. nemorosa exists in 
only eight known remnant patches some of which are very small and isolated. These are 
likely to be the result of fragmentation of previously more continuous habitat. The objective 
of this study was to empirically investigate the genetic consequences of fragmentation in A. 
nemorosa by quantifying the genetic variation at nuclear microsatellites markers. The 
genetic variation in A. nemorosa was evaluated and contrasted with the locally abundant 
sister species A. columnaris in order to address the following questions: 
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• 	Do populations of A. nemorosa contain fewer alleles and lower gene diversity 
compared to populations ofA. columnaris? 
• 	Do populations of A. nemorosa show elevated levels of inbreeding compared to 
populations ofA. columnaris? 
Do populations of A. nemorosa exhibit elevated levels of genetic differentiation 
compared to populations ofA. columnaris? 
21.2 The study site 
New Caledonia is a 'biodiversity hotspot' (Myers et al. 2000, Brooks et al. 2002) boasting a 
flora of over 3000 species of vascular plants and almost 80% endemism. With a total of 43 
endemic conifers, this small territory contains seven percent of the world's conifer species 
(Jaffré 1995) and the greatest richness of Monkey Puzzle trees (Araucaria) in the world 
(Watt 1999). Habitat loss and fragmentation, due to mineral mining, timber exploitation, 
land clearance and increased fire frequency, has placed 29 of these conifer species in 
jeopardy (Bouchet et al. 1995, Watt 1999), including 11 of the territory's 13 species of 
Araucaria, of which there are globally only 19 extant species. 
2.1.3 The study species 
Araucaria nemorosa Laubenfels. (Araucariaceae, Pinatae) 
A. nemorosa is the most endangered of all the New Caledonian Araucaria, categorised as 
'critically endangered' by the IUCN (Farjon and Page 1999). A. nemorosa is known only in 
the region of Port Boise in the extreme south of New Caledonia's Grand Terre, distributed 
over eight known population fragments (Figure 2.4) which vary in their size and degree of 
isolation. Recent survey work on the distribution of this species (Waters et al 2002, pers obs 
2003), indicate it is severely fragmented with an extent of occurrence dramatically less than 
100 km2 (<4 km2) and an area of occupancy much less than 10 km 2 (<0.7 km2). The species 
is considered to have low levels of seed set and recruitment (McCoy and Chauvin pers. 
comm. 2003). Morphologically this species is relatively distinct from its sister species 
A.columnaris and A. luxurians, although recent phylogentic studies have demonstrated that 
these species are closely related forming a monophyletic group (M.Kranitz pers. comm. 
2003). 
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Araucaria columnaris (G. Forst.) Hook. (Araucariaceae, Pinatae) 
Araucaria columnaris is the most widespread of all the New Caledonian Araucaria and 
currently is not of conservation concern. It has been widely planted for its timber and 
cultural symbolism (Watt 1999) and occurs in dense mono-specific populations on emergent 
coral reef on the Loyalty Islands, Isle of Pines and on sites on Grande Terre. The natural 
range of A. columnaris is from 0-100 m above sea level (asi) (the lowest of the Araucaria 
with the exception of A. nemorosa). It is the only member of the New Caledonian 
Araucariaceae associated with calcareous substrates (see Fig. 1.4 for distribution). A. 
columnaris colonises coral islands which vary in their size and level of isolation creating a 
naturally fragmented landscape structure. This provides us with an analogue to the 
fragmented landscape structure found in A. nemorosa. The reproductive ecology of A. 
columnaris is essentially the same as that of A. nemorosa, monoecious with wind dispersed 
seed and pollen. Female cones ripen over two years; reaching maturity during the cyclone 
season. 
Chapter 2 It'fethods 
Genetic (livers/tv and population structure in!ragmented New Caledoniun 
Araucaria: a comparative study 
2.2 Materials and Methods 
2.2.1 Population sampling strategies 
Collection of spatial data: A Garmin ETREXTM  handheld GPS set to grid reference UTM, 
and projection WGS 58 was used to collect all spatial data, including delimitating sample 
populations and location of sample trees. This has an accuracy ranging from 5m-10m in clear 
skies. The tree location coordinates were downloaded onto a laptop using GPS Utility 4.04.3 
a freeware program. These data was then imported into ARC VIEIWTM  3.1 to develop a GIS 
database of all samples. This information was used to estimate the population areas and size 
based on counts in both species (Table 2.1). Counts were either based on aerial photographs 
(A. columnaris) or stem densities from survey plots (A. nemorosa) see Chapter 4 methods. 
Population sizes were estimated as follows: for area estimates in both species Arcview GIS 
was used to measure the area of each mapped population using the number of grid squares of 
known size to estimate area in hectares. The population number in A. nemorosa were 
estimated from the density measures from survey plots and multiplied by area (Chapter 4). In 
A. columnaris estimates of population number were made from aerial photographs. 
Sampling strategy for A. nemorosa: In total 282 adult trees of A. nemorosa were sampled 
for leaf needle material from 7 sites in the Port Boise region of New Caledonia covering the 
species total range (sample populations N1-N7 see Fig. 2.1 and Table 2.1). These sites 
included three larger more continuous fragments and three smaller isolated fragments, which 
were sampled for 40 trees each (Fig. 2.1 and Table 2.1). Trees were selected based their size 
>15 cm dbh (diameter at breast height) and maintaining a distance of 5 m between sample 
trees, sampling to cover widely over the area of each population. In addition a further site 
consisting of two adjacent patches N7a and N7b was sampled for 20 and 22 adult trees 
respectively. Leaf material was desiccated in silica gel within 24 hours of collection and 
stored in the same conditions prior to DNA extraction. The dbh of each sample tree was 
measured and the location of each individual sample tree was recorded as described above. 
All sampling of A. nemorosa adults was conducted between November 2002 and March 
2003. 
Sampling strategy for A. columnaris: Leaf needle material was collected from a total of 486 
adult A. columnaris trees from 15 study sites covering the species' total range. This included 
three populations from Grand Terre (sample populations G1-G3), three populations from the 
Loyalty Islands (Ll-L3) and nine populations from the Island of Pines (IPI-1P9). Sample 
size ranged from 20 to 40 adult trees >15cm dbh (see Table 2.1 and Fig2.2) adopting the 
same sampling strategy as for A. nemorosa. Since A. columnaris differs greatly in 
geographic range from A. nemorosa a subset of six of the 15 populations was used to provide 
a spatially equivalent sample. The arrangement of A. columnaris into large coastal and small 
island populations on the Island of Pines provided a useful analogue to A. neinorosa. Three 
large continuous coastal populations (IPI, lP2, lP3) and three small isolated island 
populations (IP4, 1P5, 1P6) (see Fig. 2.3 and Table 2.1) were sampled for 40 adult trees from 
this region. The Species' wide sampling was carried out in January 2002 while the subset 
(IPI-1P6) were sampled from November 2002 to March 2003. 
Figure 2.1 location of sample populations of the critically endangered conifer A. nemorosa. 
The coloured polygons are total distribution of each population (Waters etal. 2003.pers. 
ohs. 2003). The code numbers correspond to those given in Table 2.1. The most southerly 
population indicated in green here was not sampled in this study. 
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Table 2.1 Sample populations (SP) of Araucaria columnaris and A. nemorosa including area and census size, number of adult trees (n) analyzed at 
microsatellite loci (nSSR) to quantify species and population level genetic diversity and genetic structure. *A  subset of 6 of the A. columnaris 
populations was used to provide a spatially equivalent comparison to A. nemorosa. t Population size estimates explained in methods 
Species 	location 	Local Name 	 code 	Area (Ha) 	Size (count) t 	Grid reference 	nSSR 's(n) 





















Loyalty Islands •Lifou North Li 5.32 <100 £720200 N7699000 29 
Loyalty islands Cap des Pins L2 5.012 >200 E753200 N7667000 30 
Loyalty islands Mare South L3 0.194 >200 E801600 N7608000 26 
Island of Pines Kuto Head JJ* 12.88 >200 E750200 N7491000 40 
Island of Pines Weeneba Head 1P2* 12.28 >200 E749200 N7493000 40 
Island of Pines Presque D'oro J3* 17.2 >1000 £760700 N7499000 40 
Island of Pines Ilot Baieonassie J4* 8.92 >200 E748400 N7490000 30 
Island of Pines Ilot Moro IP5 3.64 <100 E746100 N7493000 40 
Island of Pines Ilot Adventure 1P6* 4.12 <100 E751800 N7489000 40 
Island of Pines hot Brosse 1P7 22.7 >300 E752400 N7486400 20 
Island of Pines Rot Dureoc fF8 0.64. <100 E751600 N7490000 28 
Island of Pines Baie D'oro fF9 2.454 >500 E758900 N7499000 30 
Species total 486 
A. nemorosa 	Port Boise Kaanua Ni 22.68 >1000 E702238 N7527025 40 
Port Boise Vane N2 15.72 >1000 E701315 N7526151 40 
Port Boise New forest N3 15.20 >1000 E700673 N7525264 40 
Port Boise Cap Reine Charlotte N4 4.60 <500 £705049 N7528681 40 
Port Boise Mini Nuri N5 1.28 <500 E701094 N7525919 40 
Port Boise Foret Nord N6 0.44 <100 E696795 N7529590 40 
Port Boise Natash's N7a 2.68 <100 E701326 N7527457 20 
Port Boise Natash's new N7b 1.48 <100 E700753 N7527027 22 
total 	 282 
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22-2 DNA isolation and SSR loci analysis 
DNA isolation: DNA was extracted from silica dried leaf material, using two different 
methods. For the A. columnaris species level samples collected in January 2002, total DNA 
was extracted from 0.03 g of silica dried leaf material following the CTAB extraction 
protocol (Doyle and Doyle 1987). The material was snap frozen in liquid nitrogen then 
ground to a powder. The powder was added to 5001.l of CTAB 
(hexadecyltimethylammonium bromide) buffer with 2.5 % f-mercapthoethanol (pre heated 
to 65 °C) and 0.5% of PVPP (poly-vinylpolypyrollidone) ground for a further minute, then a 
second 500 p.1 of CTAB was added and incubated for 30 minutes. 
After washing with 500 p.1 of 24:1 chloroform:isoamyl alcohol twice, the aqueous 
layer was removed and DNA precipitated with 2/3  volume of freeze-cold isopropanol 
overnight. DNA isolated from Araucaria species can contain PCR-inhibiting levels of 
carbohydrates. Therefore crude extract was redissolved in 75 p.1 of T.E pH 8.0 and incubated 
at 65 °C for 45-60 minutes. 0.5 vol of 7.5 M ammonium acetate solution was added to the 
dissolved DNA to remove excess carbohydrates and the supernatant stored in 2x volume of 
96% ethanol over night. After a final wash in 70% ethanol the DNA pellet was redissolved in 
100 p.1 of T.E. This extract was finally cleaned using QIA-quickTM PCR purification 
columns (Qiagen, Crawley UK), eluting in 50 p.1 of warm (65 °C) elution buffer to maximise 
the recovery of high molecular weight DNA. 
For samples collected during the November 2002 to March 2003 fieldwork, 
including all population level samples in both species, total DNA was extracted using the 
high throughput Qiagen 96-Well-Plate centrifuge system (Crawley UK). A Qiagen Mixer-
millTM was used to grind 0.03g of silica dried leaf material using Retsch © stainless steel 
'comb balls'. Genomic DNA was then isolated from the ground material using the Qiagen 
DNAëasyTM 96-Well-plate plant extraction kits. 
nSSR loci analysis: Seven polymorphic nSSR loci were developed in our lab for use in 
population genetic studies of the New Caledonia Araucaria. Details of the isolation of five of 
these loci (Arul, ASIIO, AS167, A5190 and As152) along with detailed PCR conditions are 
described in Robertson et al. (2004). A further two loci isolated from Araucaria subulata 
(Robertson pers. comm. 2001) were also optimised for Araucaria nemorosa and A. 
columnaris as part of this study. The details of the primers and PCR conditions are 
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summarised here and in Table 2.2. The 10 il PCR mix contained 0.5 units of Amplitaq Gold 
DNA polymerase (Applied Biosytems), 0.5 x Amplitaq Gold reaction buffer [15 mM Tris-
HC1, (pH 8), 50 mM KCI] (Applied Biosytems), 1.5 MM  MgC12  (Applied Biosytems), 0.1 
mM of each dNTP (Bioline), 0.1 .xM of each primer (Proligo) and 20-50 ng of genomic 
DNA. PCR amplifications were carried out using a GeneAmp 9600 thermocycler (Perkin 
Elmer) using the following program: I step at 95 °C for 5 mm, followed by 35 cycles of 30 s 
at 95 °C, 30 s at Ta  °C, I min at 72°C, and a final extension E m  of T. °C (see Table. 2.2). 
The PCR products were analyzed in two ways. In the first method an ABI PRISM ® 
377 DNA sequencer was used to produce electophoregrams that were analysed with 
Genescan® and Genotyper® software. In the second method the PCR products were 
analyzed using a Beckman Coulten CEQTM  8800 genetic analysis system. All scores derived 
from the ABI PRISM® method were calibrated to the Beckman Coulten CEQTM  scores prior 
to data analysis. 
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Figure 22 Map of the New Caledonia archipelago showing the location of A. columnaris 
sample sites over the species total range. The Island of Pines in the extreme south was used 
as the study site for population level studies. This is shown in detail in Fig. 2.3 
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Figure 23 Topographic map of the Island of Pines illustrating the location and landscape 
context of sample populations of A. columnaris. Populations IPI to lP6 were used as an 
analogous sample set to the A. nernorosa species level analysis and comparison of large vs. 
small isolated populations. All others sample populations were used in species level analysis 
of A. columnaris. 
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2.2. Primer sequences and PCR conditions for 7 nuclear microsatellite loci used to quantify genetic variation, genetic structure and 
inbreeding levels in Araucaria columnaris and A. nemorosa. 
Locus 	Repeat motif 	Primer sequence (5'-3') 	 Ta 	T 	Em 	GenBank 
(°C) (°C) (mins) Accession no. 
Arula 	(GA) 	 cF:GGGACCTTAGATATGTGGCATGA 	52 	60 	15 	AY426081 
R:TGATAGTTTACAAATGGGTGACATTG 
AS1 lo t' (TC) 8(AC) 13(AT) 11  dF:TCATGACACATGTGfiAGAGATGAAT 	52 	72 	15 	AY426084 
R:GCATATGCCTTGATCTCCTCATT 
AS 167' (CA)9 cF:ACCCTTGTGGACACCTTCTTG 	52 	72 	15 	AY426085 
R:GGTTTCCAACAATGGAAAGAGTG 
AS1gob  (AT)8(GT) 1 2 dF:TGACCACAGTATGAGGCCA 	53 	72 	15 	AY426083 
R:TTTGTAGGTCGAGGGGCATTAT 
AS 152" (TC)30 eF.TGTTTGcTcAATcGGTcATcT 	52 	72 	25 	AY426082 
R:AGTATGGAGTGTGTCTCGCTCAAG 
AS93 b (TC)15(CA)8 d F: GCATTGAATATCATTTGCATCCATAC 	55 	72 	15 	 * 
R:ATATCATGGTGTATTGGATGATTACC 
AS25 b 	((CT)47  n..(CA) 510)8  eF: TACATCCTTTTGGAACACCTACC 	55 	72 	15 	 * 
R:ATCATGTGCATTTGCCAGGAGAT 
aLOCUS derived from A. rule i DNA, 'locus derived from A. subulata DNA, Ta = annealing temperature, T. = final extension temperature at 
end of PCR reaction, E m = duration of final extension step in minutes at end of PCR reaction. clabelled  with Dye D3 (green), diabelled  with 
Dye D4 (blue) 'labelled with Dye D2 (black) (Proligo).*  Unpublished primers not yet submitted to GenBank. 
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2.23 Statistical analysis 
Comparing species level genetic diversity between species using nSSRs: All microsatellite 
data was formatted into input files for various population genetics software programmes 
using the Microsatellite Toolkit (Park 2001) add-in for Microsoft® Excel or the Convert 
program (Glaubitz 2004). Basic species level genetic diversity was calculated using GDA 
(Lewis and Zaykin 2001). This provides locus level estimates of mean number of alleles per 
locus (A), species level observed heterozygosity (Hot) and species level gene diversity (HT). 
The species level per locus allelic richness (A e) was calculated using F-STAT version 2.9.3.2 
(Goudet, 1995). The advantage of this approach is that F-STAT uses rarefaction to correct 
for sample size. 
Using multi-locus averages for estimates of F-statistics assumes that data from 
different loci are independent. In order to test this assumption, genotypic linkage 
disequilibrium was tested between all pairs of loci within each population using GENEPOP 
3.3 (Raymond and Rousset 1995) with the following settings, dememorization: 1000, batch: 
100, iteration per batch: 5000. No significant linkage disequilibrium was observed between 
any pair of loci. 
A simple paired t-test was used to test the null hypothesis of no significant 
difference between the species estimates of genetic diversity. The per locus measures of 
genetic diversity were used as the sample values in each species. Paired t-tests were carried 
out using GraphPad Prism 4 TM  All comparisons were made using all samples within each 
species and using the subset of A. columnaris (shown in Table 2.1 and Fig. 2.3) as a spatially 
equivalent sample to that of A. nemorosa. 
Comparing within population genetic diversity between species and among populations 
within species: Goudet's (1995) software F-STAT version 2.9.3.2 was used to estimate 
genetic diversity within each population of the two species. Observed heterozygosity within 
each population (H0) and average gene diversity -per population (Hs) were calculated using 
data from the seven loci scored at each population. Mean number of alleles (A) was 
calculated by averaging per locus alleles counts over all loci. Population genetic diversity 
was also quantified using average allelic richness (A e) over all loci. 
A simple paired t-test was used to test the null hypothesis that there were no 
significant differences in within population genetic diversity between species. This approach 
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compared mean within population genetic variation defined by allelic richness (A e) and gene 
diversity (H5) over loci using populations as the sample values. The software F-STAT 
(Goudet, 1995) was also used to test for significant differences between species, using the 
permutation test among groups option. It calculates mean within population measures of 
allelic richness (A e) and gene diversity (Hs). 
A simple two-way ANOVA was used to test the null hypothesis of no difference 
among the mean genetic diversities for each population within each species. The per locus 
estimate of each statistic within each population was used as the sample value. A Spearmans 
rank correlation test was used to investingate the relationship between both allelic richness 
and gene diversity (Hi) and population area. 
Comparing species and population inbreeding coefficients FIT and f between species: 
Inbreeding coefficients were inferred based on Wrights' (1943) F-statistics, using Weir and 
Cockerham (1984) estimators, global inbreeding coefficient FIT  and population inbreeding 
coefficient (. These were estimated at each locus using GDA (Lewis and Zaykin 2001). 
The overall values were tested for significance by bootstrapping over loci to generate a 99% 
confidence interval using 10000 replicates. Permutation tests (> 10000 permutations, 
randomising alleles) were used to test whether the multi locus population estimates of F 15  (I) 
significantly differed from zero, indicating a departure from Hardy-Weinberg equilibrium. 
A simple paired t-test was used to test the null hypothesis of no significant 
difference between the species inbreeding coefficients. The seven nSSR loci were used as 
sample values for each measure of the inbreeding coefficients. The software F-STAT 
(Goudet 1995) uses a permutation approach to test for significant differences between 
groups. This was used to calculate mean within population measures of the inbreeding 
coefficient (t). 
Species and population genetic differentiation and isolation by distance : Species level 
genetic differentiation was inferred based on Wrights' (1943) Fsr using Weir and 
Cockerham's (1984) estimator theta (0). This was estimated for each locus and over all loci 
using GDA (Lewis and Zaykin 2001). Population pairwise Fsr values were tested for 
significant differences between populations by permutation tests using F-STAT (Goudet, 
1995). It has been demonstrated that measures of differentiation base on FST  are highly 
sensitive to the level of variation at loci because the greater the variability at a locus the 
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lower the potential within-population homozygosity, thus the lower the ability to detect 
statistically significant differentiation by Fs (Hedrick, 1999). This problem is particularly 
acute when making comparisons between species or populations using markers which have 
very different levels of variation i.e. allozymes vs microsatellites. Under such conditions 
differences in measures of genetic differentiation may be an artefact of the markers rather 
than biologically meaningful. Hedrick (2005) has recently developed a standardized measure 
of Gst' to overcome this problem. 
In order to investigate the effect of geographic regions on genetic structure in A. columnaris 
an analysis of molecular variance (AMOVA) was performed using ARLEQUIN v2.000 
(Schneider et al. 2000). Structure was defined in A. columnaris based upon regional location 
of samples, Regions comprised Grand Terre, (G) the Loyalty Islands (L) and the Island of 
Pines (I). 
A Mantel test was used to estimate the correlation between genetic and geographic 
distance measures using Arlequin v2.000 (Schneider et al. 2000) in order to test the 
hypothesis of isolation by distance. The matrices used for this analysis were the log of 
pairwise geographic distance, in kilometres and pairwise genetic distance measures (FST / 0-
FST)) estimated using SpaGeDi (Hardy and Vekemans 2002). The geographic distance 
measures were estimated using Arc ViewTM  3.1. 
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23.0 Results 
2.3.1 Comparing adult genetic diversity inferred from 7 nSSR loci between A. 
nemorosa and the locally abundant A. columnaris 
Species level genetic diversity: Based on analysis of 282 individuals of adult A. nemorosa, 
all seven nSSR loci were polymorphic with a total of 148 alleles. Species wide per locus 
allele frequencies are illustrated in Fig. 2.4a - 2.4g. The number of alleles ranged from five 
for locus AS167 to 38 alleles at locus AS152. Among loci observed heterozygosity varied 
from H. =0.317-0.918 and the gene diversity varied from HT = 0.405-0.94, while allelic 
richness (A e) varied from A. = 4.5 to A = 37.59. The species level mean number of alleles 
per locus was A = 21.14, mean allelic richness was A = 20.66 and mean gene diversity H = 
0.715 (see Table 2.4). 
Based on analysis of 486 individuals of adult A. columnaris, all seven nSSR loci 
were polymorphic with a total of 110 alleles. Species wide per locus allele frequencies are 
illustrated in Fig. 2.4a - 2.4g. The number of alleles ranged from four at locus AS25 to 44, 
alleles at locus Arul. Among loci observed heterozygosity varied from H. = 0.149 to 0.724 
and the gene diversity varied from HT = 0.174 to 0.96 1, while A c  varied from A = 3.42 to Ac 
= 41.77. The species level mean number of alleles per locus was A = 15.71 mean allelic 
richness was A e  = 14.7 and mean gene diversity was Hr = 0.654 (see Table 2.4). 
These two closely related conifers have distinctively different allele frequency 
distributions as indicated in Fig. 2.4a-2.4g and Table 2.4. When comparing the species level 
genetic diversity between A. nemorosa and A. columnaris there were no significant 
differences in genetic variation between species whether compared over their entire range or 
over an equivalent sample area (see Table 2.4). However, mean allelic richness is notably 
higher in A. nemorosa. 
Population level genetic diversity: Across eight sample populations of A. nemorosa all seven 
nSSR loci were polymorphic, mean number of alleles (A) ranged from A = 7.6 in population 
N6 to A = 12.9 in NI and allelic richness (A e) ranged from A e  = 5.7 in N6 to A e  = 8.4 in 
population N3. Gene diversity (H5) is lowest in N2 H5 = 0.54 and highest in N3 at Hs = 0.68 
(see Table 2.5). 
Across 15 sample populations of A. columnaris seven nSSR loci were polymorphic 
in ten populations, populations IPI, 1P2, 1P4 and 1P5 were monomorphic at locus As167 and 
G2 was monomorphic at locus As93. Mean number of alleles ranged from A =4 in G2 to A = 
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9 in IPI and allelic richness ranged from A = 3.4 in G2 to Ae = 6.6 in GI. Gene diversity 
was lowest in G2, H5 = 0.38 and highest in Gi, Hs = 0.62 (see Table 2.5b). 
Comparing the within population levels of genetic diversity averaged over the seven 
nSSR loci between species A. nemorosa has significantly higher levels of genetic diversity 
than A. columnaris for population mean allelic richness, A. nemorosa A = 8.7 vs A. 
columnaris Ae = 5.3 (P-value <0.001), and gene diversity, A. nemorosa Hs = 0.67 vs A. 
columnaris Hs = 0.51 (P-value < 0.05), see Table 2.5 and 2.5b. 
Comparing the within population levels of genetic diversity averaged over the seven 
nSSR loci over equivalent sample areas there was no significant difference in gene diversity 
measures between species, although A. nemorosa had consistently higher levels of genetic 
variation based on A and A (see Tables 2.5 and 2.5b for comparison). 
Using a two-way ANOVA to test for significant differences in heterogeneity of within 
population diversity within species, no significant differences were observed over-all among 
populations in either species. However, in A. nemorosa population N6 had notably fewer 
alleles (see Table 2.5a) and in A. columnaris populations G2 and G3 both had notably fewer 
alleles (see Table 2.5b). A. nemorosa shows a significant correlation between population area 
and allelic richness (p—value < 0.01) A. columnaris shows no significant correlation (see 
Figure 2.5a). Neither species show a significant correlation between gene diversity and 
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Table 2.4. Per locus, species level estimates of genetic diversity for adult trees of A. 
nemorosa and A. columnaris and, the number of individuals genotyped for each locus (n) 
allele size range in base pairs (bp), number of alleles counted at each locus (Na), allelic 
richness (A e) after correcting for sample size (minimum sample size of 232 individuals), 
observed heterozygosity (HOT) and gene diversity (Hr), are shown. 
Allele size 
Species Locus n range (bp) Na A HOT H 
A. nemorosa Arul 279 189-268 37 35.87 0.918 0.933 
ASIIO 265 127-242 35 33.95 0.698 0.908 
AS167 278 164-188 5 4.5 0.406 0.427 
AS190 240 128-140 8 7.93 0.317 0.405 
AS152 277 150-226 38 37.59 0.838 0.94 
AS93 271 185-219 11 10.8 0.517 0.63 
AS25 232 278-339 14 14 0.578 0.75 
Mean 263 21.14 20.66 0.613 0.715 
A. columnaris Arul 457 206-330 44 41.77 0.724 0.961 
ASJJO 470 157-213 15 14.23 0.634 0.834 
AS167 476 164-188 8 7.13 0.149 0.174 
AS190 419 126-162 15 14.48 0.632 0.853 
AS152 467 158-199 18 17.2 0.687 0.883 
AS93 469 203-250 6 4.66 0.358 0.363 
AS25 470 272-323 4 3.42 0.385 0.513 
Mean 461 15.71 14.7 0.51 0.654 
Mean * 227 13.57 13.27 0.534 0.629 
* indicates mean values for genetic diversity parameters in A. columnaris estimated at an equivalent 
sample scale to A. nemorosa. 
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Table 2.5a. Population estimates of genetic diversity in eight adult populations of A. 
nemorosa inferred from seven nSSR loci. The mean number of individuals sampled per locus 
(n); the area of the sample population in hectares (Ha), mean number of alleles, (A); allelic 
richness correcting for sample size (Ae), based on a minimum sample size of 13 diploid 
individuals and gene diversity (H5) all averaged across loci. 
Population n N size Ha A A e * Hs 
Ni 38.4 >1000 1.134 12.9 8.7 0.63 
1v2 36.1 >1000 0.786 11.7 7.9 0.54 
1v3 38.4 >1000 0.76 11.9 8.4 0.68 
N4 37.4 <500 0.23 11 7.4 0.59 
N5 37.7 <500 0.064 10 6.6 0.56 
N6 35.1 <100 0.022 7.6 5.7 0.65 
N7a 21 <100 0.134 8.6 7.1 0.58 
NA 18.9 <100 0.074 8.4 7.1 0.61 
mean 10.3 8.7c 
067d 
c, d indicates a significant difference between species C  P<0.0 1.  p<çj•j 
Table 2.5b. Population estimates of genetic diversity in 15 adult populations of A. 
columnaris inferred from seven nSSR loci. Mean number of individuals sampled per locus 
(n); the area of the sample population in hectares (Ha); the approximate census size of 
population (N); mean number of alleles (A); allelic richness correcting for sample size (A e) 
based on a minimum sample size of 13 diploid individuals and gene diversity (H5) are 
shown. 
Population n Size Ha N A Ae H5 
Grand Terre 
Gi 17 N/A N/A 7.6 6.6 0.62 
G2 29 0.052 >100 4 3.4 0.38 
G3 29.7 0.136 <100 4.1 3.8 0.39 
Loyalty Islands 
Li 27.6 0.172 <100 5.9 5 0.5 
L2 27.7 5.012 >200 5.6 4.4 0.51 
L3 25 0.194 >200 4.7 4.2 0.55 
Island of Pines 
IP1 38.9 0.644 >200 9 6.3 0.49 
fF2 38.3 0.614 >200 7.9 5.9 0.5 
1P3 36.4 2.33 >1000 8.9 6.6 0.55 
IN 35.9 0.446 >200 8 5.9 0.54 
39.3 0.182 <100 8 5.8 0.52 
1P6 38.3 0.206 <100 7.4 5.5 0.57 
1P7 19.3 1.436 >300 6.4 5.7 0.5 
iP8 26 0.032 <100 5.3 4.4 0.46 
1P9 28 2.454 >500 7.4 5.7 0.5 
Overall.mean 30.43 6.7 
53C 0 5 1d 
Mean * 8.2 6.0 0.60 
c.d indicates a significant difference between species C P<0.01. 'p<0.05. *Mean population genetic 
parameters over equivalent sample scale to A. nemorosa. N/A = not available. 
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23.2 Comparing adult inbreeding coefficients between A. nemorosa 
and A. columnaris 
Species level: Inbreeding coefficient (Fir) in A. nemorosa adults varied among loci from FIT 
= -0.016 to FIT=  0.207 with a multi-locus FIT=  0.097 (99% C.I. 0.015-0.181), significantly 
deviating from zero (P < 0.01), see Table 2.7. In A. columnaris species level inbreeding 
coefficient (FIT) varied among loci from Fir = -0.063 to FIT = 0.165 with a mean of FIT = 
0.118 (99% C.I> 0.032 - 0.154), see Table 2.7. There was no significant difference in 
inbreeding coefficient between A. nemorosa and A. columnaris at the species level (see 
Table 2.7). 
Population level: Four of the populations of A. nemorosa had multi-locus inbreeding 
coefficients that significantly deviated from zero (P < 0.05), (Table 2.8). Seven of the 15 
sample populations of A. columnaris had multi-locus inbreeding coefficients, which 
significantly deviated from zero (P <0.05), see Table 2.9 meanf significantly deviated from 
zero (f = 0.122 (P < 0.01)). There was no significant difference in inbreeding coefficient 
between A. nemorosa and A. columnaris at the population level (compare Table 2.8.and 2.9). 
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Table 2.7. Species level per locus and overall multi-locus estimates of inbreeding coefficient 
FIT in A. nemorosa and A. columnaris over the total species range and in A. columnaris over 
an equivalent sample scale to A. nemorosa • b,  indicates significant deviation from zero at 
ap<o .ol or significant difference between species cp<c,ol  N/A not applicable 
Fir 
Locus A. nemorosa A. columnaris 
Arul -0.016 -0.016 
ASIJO o .201 a 0 . 121a 
AS167 -0.005 -0.025 
ASI90 0 .207a 0.159" 
AS152 0 .049a 0.143 a 
AS93 0 . 115 a -0.063 
AS25 0 . 1578 0.093 a 
overall 0.097 a 0.118 
overall* N/A 0.113 
Table 2.8. Population estimates of inbreeding coefficient fin A. nemorosa based on seven 
nSSR loci. The mean number of individuals genotyped, (n); population size in hectares (Ha). 
a, b, indicates significant deviation from zero ataP<0.01 bp<0 
Population n size Ha f 
Ni 38.4 1.134 0•135b 
N2 36.1 0.786 0.153 
N3 38.4 0.76 0.066 
N4 37.4 0.23 0. 160b 
N5 37.7 0.064 0123b 
N6 35.1 0.022 0.009 
N7a 21 0.134 0.034 
N7b 18.9 0.074 0.098 
mean 0.096 a 
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Table 2.9. Population estimates of inbreeding coefficientf in A. columnaris based on seven 
nSSR loci. The mean number of individuals genotyped, (n); population size in hectares (Ha); 
estimated census size (N). * indicates mean  over an equivalent sample size to A. nemorosa. 
b, indicates significant deviation from zero ataP<0.01 bp<005 
Population n Size Ha N 
Grand Terre  
GI 17 0.101 
G2 29 0.052 >100 0.142 
G3 29.7 0.136 <100 0•221b 
Loyally Islands  
LI 27.6 0.172 <100 0.091 
L2 27.7 5.012 >200 0.095 
L3 25 0.194 >200 0.028 
Island of Pines  
]PI 38.9 0.644 >200 0150b 
1P2 38.3 0.614 >200 0153 
1P3 36.4 2.33 >1000 0146b 
1P4 35.9 0.446 >200 0150b 
1P5 39.3 0.182 <100 0.086 
1P6 38.3 0.206 <100 0.05 
1P7 19.3 1.436 >300 0178b 
1P8 26 0.032 <100 0.121 
1P9 28 2.454 >500 0177b 
Overall mean 30.43 0.122 a 
mean * 0113a 
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23.3 Species and population level genetic differentiation and isolation 
by distance 
Species level genetic differentiation: Among locus estimates of genetic differentiation (0) in 
A. nemorosa varied from 0 = 0.017 to 0 = 0.099 with 6% of variation occurring among 
populations (99% bootstrapping C.I. 0.037-0.085) see Table 2.10. In A. columnaris genetic 
differentiation varied from 0 = 0.076 to 0 = 0.182 with overall 12.3 % of variation occurring 
among populations (99% C.I. 0.097-0.157). At the species level genetic differentiation was 
significantly higher in A. columnaris than A. nemorosa with twice the variation distributed 
among populations in A. columnaris (12.3%) than A. nemorosa (6%) (P < 0.01), see Table 
2.10. When comparing A. columnaris genetic structure over an equivalent sample area to A. 
nemorosa there was no significant difference between species for genetic structure (see 
Table 2.10). 
Exploring the distribution of variation over the entire species range of A. columnaris 
using an AMOVA analysis revealed that a significant proportion of variation was distributed 
among regions (5.35%) (P < 0.001) when structure was defined based on geographic regions 
of A. columnaris 's range (see Table 2.11). Population G2 was excluded, from this analysis 
because this population was thought to be of a planted origin. This will be discussed in more 
detail later. 
Pairwise population level differentiation: Calculating pairwise estimates of theta (0) 
between all 28 pairs of populations of A. nemorosa, theta ranged from 0.025 between 
populations NI and N4 to 0.146 between population N6 and N7a. All values of theta were 
significant at the 5% level (see Table 2.12). Pairwise estimates of theta (0) between all but 2 
of the 105 pairs of populations of A. columnaris were significant at the 5% level, theta 
ranged from 0.002 between populations 1P3 and 1P4 to 0.344 between population G2 and 03 
see Table 2.13. 
Over the species total range pair wise estimates of theta were much greater at the 
greater geographic distances in A. columnaris with the highest values being 0.344 compared 
to 0.146 in A. nemorosa see Table 2.12 and 2.13. When pairwise genetic distances are 
compared over an equivalent sample scale the pairwise values are comparable between 
species (see Tables 2.11 and 2.12). However, the largest mean pairwise Fsr observed in A. 
nemorosa population N6 was notably higher than those observed in A. columnaris over an 
equivalent distance (compare Table 2.12 and 2.13). 
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Isolation by distance: A Mantel test was used to test for a correlation between genetic 
differentiation and geographic distance. No significant correlation between either FST 1(1-
FST) and log geographic distance was found in A. nemorosa (see Fig. 2.5a) indicating no 
evidence of isolation by distance. In contrast in A. columnaris over the species total range a 
Mantel test revealed a significant correlation between both FST/(1- FST) (R 2= 0.431 P<0.05) 
and log geographic distance (see Fig. 2.5b) indicating evidence of isolation by distance. 
When isolation by distance was investigated in A. columnaris over an equivalent scale to A. 
nemorosa no significant correlation between FST  and log geographic distance was observed 
(see Fig. 2.5c). 
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Table 2.10 Species level per locus and overall multi-locus estimates of genetic 
differentiation (0) in A. nemorosa and A. columnaris over the total species range and in A. 
columnaris over an equivalent sample scale to A. nemorosa . C indicates a significant difference 
between species cp<Ool 
0 
Locus A. nemorosa A. columnaris 
Arul 0.036 0.104 
ASIIO 0.043 0.144 
AS167 0.06 0.172 
ASI90 0.017 0.127 
AS152 0.072 0.098 
AS93 0.084 0.076 
AS25 0.099 0.182 
overall 0.06 C 0.123 
overa ll* 0.052 
Table 2.11. Distribution of species level genetic variation between geographic regions and 
populations of the common endemic conifer A. columnaris estimated from 7 nSSR loci using 
an AMOVA analysis. Regions are defined as the geographic regions Loyalty islands, Island 
of Pines and Grand Terre as defined in table 2.1. 
Variance % of total 
A. columnaris d.f MSD component variance P-value 
Among regions 2 47.426 0.05799 4.37 <0.005 
Among populations within regions 12 121.526 0.13737 10.35 <0.0001 
within populations 957 1083.226 1.1319 85.28 
Among regions5 2 44.166 0.07037 5.35 <0.0001 
Among populations within regions 11 86.348 0.10119 7.69 <0.0001 
within populations 900 1029.364 1.14374 86.96 
This analysis was first made including all populations then excluding population G2 
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Table 2.12 Pairwise FST values inferred from 7 nSSR loci between eight fragments of A. 
nemorosa over the species total range (below diagonal). Above diagonal are pairwise 
geographic distance measures (km). All genetic distance measures are significant at the 5% 
level based on 560 permutations in FSTAT 2.9.3 (Goudet 2001). 
Mean 
Population Ni N2 N3 N4 N5 N6 N7a N7b geographic 
distance (km) 
Ni 0 1.70 2.75 3.79 2.2 5.74 1.15 1.37 2.34 
1v2 0.031 0 1.01 4.95 0.44 5.73 1.49 1.35 2.08 
N3 0.033 0.042 0 5.92 0.58 5.86 2.32 2.09 2.57 
N4 0.025 0.034 0.026 0 5.37 8.31 4.37 4.62 4.67 
N5 0.055 0.050 0.042 0.050 0 5.72 1.77 1.62 2.21 
1v6 0.061 0.107 0.083 0.074 0.106 0 4.77 4.69 5.10 
N7a 0.061 0.056 0.054 0.043 0.083 0.146 0 0.26 2.02 
N7b 0.070 0.091 0.066 0.055 0.105 0.129 0.039 0 2.00 
Mean _Fs 0.034 0.044 0.038 0.042 0.05 1 0.072 0.060 0.069  
WC 
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Table 2.13 Pairwise FST values inferred from 7 nSSR loci between 15 populations of A. columnaris over the species total range below diagonals. Above 
diagonals are pairwise geographic distance measures in Km. All genetic distance measures are significant at 5% level based on 10500 permutations in 
FSTAT 2.9.3 (Goudet 200 1) unless indicates by N/S. Values in box and bold are those over equivalent sample scale to A. nemorosa, values in 
parenthesis are means over equivalent sample scale to A. nemorosa. 
Mean 
Pop GI G2 G3 . Li L2 L3 IPJ 1P2 1P3 IN 1P5 1P6 1P7 1P8 1P9 distance 
(km) 
GI 175 41.55 176 152 130 61 57.9 62.34 59.37 55.44 62.33 64.76 62.05 65 82 
G2 0.222 140 197 217 255 237 234.8 240 236 232 239 241 239 240 208 
G3 0.117 0.345 181 168 161 98 94.84 103.38 96.35 92.16 99.75 101.12 99.43 103 105 
Li 0.075 0.240 0.135 46.86 121.84 212 209.94 205 211.73 209.49 213 217 212.44 205 175 
L2 0.092' 0.247 0.192 0.109 76 179 176.36 169 179 176 178 182 178 169 150 
L3 0.103 0.321 0.196 0.127 0.159 128 127.24 117 130 128.2 129 133 129 117 125 
IP1 0.078 0.289 0.132 0.085 0.154 0.126 2.15 12.63 1.65 4.3 1.49 4.56 1.25 12.64 64(3.7) 
1P2 0.090 0.280 0.150 0.110 0.168 0.129 0.034 13.35 2.12 2.68 4.39 7.19 4.11 13.22 63(4.1) 
1P3 0.066 0.177 0.156 0.076 0.115 0.119 0.041 0.042 14.08 15.51 11.86 14.47 11.71 0.15 66(11.2) 
1P4 0.095 0.207 0.186 0.102 0.131 0.154 0.063 0.049 N/S 3.59 3.26 5.22 3.04 14.25 64(4.1) 
1P5 0.085 0.271 0.131 0.090 0.148 0.133 0.029 0.024 0.051 0.072 6.8 8.95 6.59 15.61 64(5.4) 
1P6 0.118 0.201 0.221 0.135 0.168 0.193 	1 0.098 0.088 0.028 0.026 0.097 3.47 0.35 12.25 64(4.6) 
1P7 0.056 0.212 0.111 0.066 0.112 0.092 0.037 0.035 N/S 0.047 0.038 0.066 3.86 14.91 67 
1P8 0.173 0.267 0.262 0.185 0.191 0.237 0.116 0.155 0.066 0.074 0.150 0.087 0.109 12 64 
1P9 0.099 0.230 0.162 0.088 0.148 0.132 0.071 0.073 0.031 0.045 0.065 0.064 0.043 0.112 1 	66 
Mean 
Fst 	0.098 	0.234 	0.166 	0.108 	0.142 	0.148 	0.090 	0.095 	0.069 	0.083 	0.092 	0.106 	0.073 	0.146 	0.091 
(0.044) 	(0.040) (0.027) 	(0.035) 	(0.046) 	(0.056) 
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Figure 2.5a Plot of Log geographic distance (km) against genetic distance (Fst/(1-Fst)) in A. 
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Figure 2.5b Plot of Log geographic distance (kin) against genetic distance (FstI(1-Fst)) over 
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Figure 25c Plot of Log geographic distance against genetic distance (FstJ(1-Fst) for A. 
columnaris using data from the regional sample site equivalent to the total range of A. 










• • • • 
• 
Chapter 2 Results 
Genetic diversity and population structure in fragmented New Caledonian 
Araucaria: a comparative study 
0 	 0.5 	 1 	 1.5 	 2 
	
2.5 	 3 
Log geographic distance (km) 
IRs 
Chapter 2 Discussion 
Genetic diversity and population structure in fragmented New Caledonian 
Araucaria: a comparative study 
2.4. Discussion 
The seven nSSR loci used for genetic analysis in this study detected high levels of allelic 
richness in both the New Caledonian Araucaria species studied. This confirms the value of 
the markers for the study of population genetics and gene flow in the Araucaria species 
endemic to New Caledonia (Robertson et al. 2004). Transfer of nSSR primers across species 
of the same genus is considered to be difficult in gymnosperms (Echt and May-Marquardt 
1997; Echt et al. 1999). However, this study demonstrates that primers cloned from one 
species of conifer (Araucaria subulata) can produce amplification products in two other 
species that are effective for population genetic studies. This confirms the close relationship 
of all the New Caledonian Araucaria and supports phylogenetic data suggesting that A. 
columnaris and A. nemorosa are closely related sister species (Setoguchi et al. 1998; M. 
Kranitz and A. Clark unpublished data 2002); The considerable difference in the frequency 
distribution of alleles at the seven nSSR loci between A. nemorosa and A. columnaris 
upholds the current distinctiveness of these two species based on morphological differences. 
Comparison of levels of genetic diversity in A. nemorosa and A. columnaris: A. nemorosa 
and A. columnaris do not differ significantly in the genetic variation estimated from 7 nSSR 
loci. These endemic conifers have similar levels of genetic diversity and if anything, adults 
of A. nemorosa contain a greater number of alleles. These results are not congruent with a 
review of isozyme data from 247 plant species which compared the genetic variation in rare 
species with common congenera (Cole 2003). Cole (2003) found species level measures of 
variation were significantly lower in rare species. The population genetic consequences of 
species rarity presented by Cole (2003) include the effects of drift in small populations and 
genetic bottlenecks leading to the loss of rare alleles (Nei et al. 1975; Leberg 1992). While 
this is theoretically sound, a caveat to Cole's review is that rarity is a complex and multi 
faceted phenomena (Rabinowitz 1981). His approach assumes that all rare species have 
experienced some restriction in range and or population size. In fact a species may be 
considered rare but actually have local populations with a large effective population size. 
This may be particularly true in species that are rare for purely ecological reasons. 
At the within population level A. nemorosa had significantly higher genetic variation 
than A. columnaris both for gene diversity and allelic richness. This is contrary to 
expectations based on the conservation status and the range of these two species. Although 
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population genetic theory predicts that A. nemorosa will have lower levels of variation there 
are several alternative hypotheses for the observed results. A. nemorosa may previously 
have been considerably more widespread and the current restricted range may be a relatively 
recent phenomenon. There is anecdotal evidence to support this. The 'Port Boise' region 
(boise is the French for wooded) has a history of European forest exploitation from the late 
19th until the early 20th  century. In more recent times A. nemorosa has been subject to timber 
exploitation and land clearance for agriculture and mineral prospecting (pers. obs. 2002, 
2003). The adult trees now dominating the remnant populations of A. nemorosa may well be 
many hundreds or even thousands of years old and thus have established when the forest was 
more continuous. Genetic drift and inbreeding due to reduced effective population size (Ne) 
will only manifest in subsequent generations, which are the product of contemporary 
reproductive events. 
An alternative way of looking at the issue is not to explain why A. nemorosa has 
higher genetic diversity but rather to explain whether A. columnaris has lower levels of 
diversity. A. columnaris may have gone through a rapid range expansion passing through 
repeated genetic bottlenecks as it migrated from one island or region to the next and 
established new populations from few individuals. If this is the case we might expect to see 
particularly low levels of genetic variation in A. columnaris populations at range extremes 
compared to the range centres. In this respect comparative assessment of variation within 
different populations of each species is required. 
Evidence for differences in levels of variation in different populations of each species: An 
assessment was made in both species to establish if there were any clear differences in levels 
of variation in different parts of the species range. No- significant difference in within 
population genetic variation over all was revealed in either A. columnaris or A. nemorosa 
using a two-way ANOVA analysis. However comparison between populations within 
species offers some evidence for the effects of fragmentation. In A. nemorosa the most 
genetically depauperate population, Foret Nord (N6) had notably lower levels of allelic 
richness than all the other populations and is the smallest and most isolated. In contrast, two 
of the populations with the highest allelic richness are also the two largest (NI and N3). 
Furthermore, there is a significant correlation between population size and allelic richness in 
A. nemorosa. Foret Nord may be a remnant of a previously much larger population, and the 
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observed lower level of allelic richness may be explained by the sample effects of 
fragmentation leading to a direct loss of alleles. 
Different processes acting on two populations of A. columnaris may have led to 
analogous results. The Baie des Tortues population (G2) is the most genetically depauperate 
of all the A. columnaris populations. The origins of this population have been disputed 
(Jaffré pers. comm. 2002). It is the most north westerly in the range of A. columnaris with its 
nearest natural population some 140 km away. It is the only population to be monomorphic 
for a nSSR locus indicating that it has gone through an extreme genetic bottleneck. A 
plausible explanation for this, is that .this population was relatively recently planted from 
seeds or seedlings collected from very few parent trees. The uniform age structure of this 
population also supports the idea of its planted origins. Similarly, Porcupine Island 
population G3 (see Fig. 1.6e) is one of the most isolated of the A. columnaris populations in 
the species natural range (pers. obs. 2002). It is a remote island some 6 km from the 
mainland of Grand Terre, is considerably more isolated than other natural populations and is 
made up of only very few individuals (<100). While less extreme than the case of Baie des 
Tortues, Porcupine Island has similarly low levels of genetic variation. A rare founder event 
leading to colonisation of this island by relatively few individuals seems a likely cause of the 
low genetic variation. 
The within population levels of genetic variation in A. columnaris suggest that 
historically the Island of Pines (Fig. 1.6b) may have been the species range centre as this is 
the area with most genetic diversity. It is likely that A. columnaris has expanded from this 
centre out to the Loyalty Islands by a stepping stone pattern of dispersal from island to 
island. This is supported by the lower levels of allelic richness observed in population L  
compared to the Island of Pine populations. Conversely, the similar levels of variation at 
other populations suggest that either variation has been introduced by mutation, or extreme 
genetic bottlenecks have not been consequent to migration in A. columnaris. This species has 
a strong cultural significance and is traditionally offered as a gift in native customs 
suggesting a likely human component to the factors shaping the distribution of its diversity. 
Furthermore, this route of migration is congruent with human migration and trade routes 
over this region of the Pacific (Stevenson et al. 2001) so anthropogenic movement of 
germplasm cannot be rejected as a factor in shaping the current genetic structure. However, 
human movement of germplasm has not resulted in a complete loss of genetic structure in A. 
columnaris. 
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Comparison of isolated verses continuous populations: The above results indicate that in 
extreme cases processes including possible fragmentation have led to lower genetic diversity 
in individual populations. No significant differences in average genetic diversity or genetic 
structure between large and small populations per se were observed in either species. This 
leads us to believe that historical fragmentation has not led to genetic erosion in the adult 
populations. However, this may be greatly affecting contemporary reproductive events. This 
requires further investigation to fully appreciate the consequences of fragmentation. 
Comparison of inbreeding coefficients: Low but significant inbreeding coefficients are 
observed in both species indicating that non-random mating influences genetic structure. 
Elevated levels of self-fertilization or increased bi-parental inbreeding may be responsible 
for the observed heterozygous deficit. Based upon inbreeding coefficients (F15) the estimated 
outcrossing rate (Allard et al. 1968) is 82% and 78% in A. nemorosa and A. columnaris 
respectively. Although it is accepted that this is a crude estimate of the outcrossing rate 
(Ledig et at. 2002), these are considerably lower than observed in other hermaphrodite 
conifers (Muona and Harju 1989). 
It is acknowledged that null alleles (Callen et al. 1993; Craft et al. 2002), and short 
allele dominance (Wattier et al. 1998) can be a problem for the interpretation of heterozygote 
deficit in nSSR studies. However, in this study the observed heterozygous deficits are 
consistent across loci in both species. Furthermore, there is no significant difference between 
species. If large allele dropout were a problem we might expect to see a greater heterozygote 
deficit in A. columnaris which generally has larger alleles. 
In A. neinorosa population Foret Nord (N6) has the lowest value of F 15 in any 
population. While this population is significantly genetically differentiated from the other 
Port Boise populations, the results suggest that historically these trees have been extensively 
out breeding. Interestingly the highest value of F15 in any of the A. nemorosa populations is 
the other geographically isolated populations at the Cap Reine Charlotte (N4) (Fig. 2.1). 
The highest value of F1s in any population was observed in the isolated A. 
columnaris population on Porcupine Island (G3), with an F15 almost twice that of any other 
A. columnaris population. This population provides some evidence for extreme genetic 
insularity leading to chronic inbreeding, which, in this case appears to have led to 
reproductive failure. No recruitment is present under the current adult trees and none of the 
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several hundred seeds collected from this site germinated (pers. obs. 2002). This supports 
both theoretical and empirical work suggesting that genetic erosion may be a critical factor 
for species extinction (Saccheri et al. 1998; Keller and Wailer 2002; Madsen et al. 2004). 
The Porcupine island population is now being augmented by planting (Jaifre pers. comm. 
2002). 
Genetic differentiation and isolation by distance: Population genetic theory predicts that 
gene flow will be high and genetic structure low in long-lived wind pollinated conifers 
(Hamrick et al. 1992). However, the results of this study indicate that genetic structure is 
significant in both the New Caledonian Araucaria studied. In A. columnaris about 13% of 
the variation was among populations. This is close to expectation for woody endemics based 
on allozyme studies (14.1%, Hamrick et al. 1992), even though typically Fsrestimates  based 
on SSR 's are less than those in allozymes, due to the much higher heterozygosity at 
microsatellite loci (Hedrick 1999). It could be argued that the observed differentiation in A. 
columnaris is greater than expected from its life history traits. That said, in a review of 
studies using nuclear DNA markers to assess genetic variation in wild angiosperms and 
gymnosperms Nybom (2004) reported similar values of FST to those observed here for trees 
with wind dispersed seed and much greater values for endemic species. 
The regional geographic distribution of A. columnaris over many islands and 
separation of populations by expanses of open water is likely to contribute to population 
structure. When A. nemorosa and A. columnaris are compared over an equivalent spatial 
scale very similar estimates of population differentiation were recorded (A. nemorosa Fs = 
0.06; A. columnaris FST  = 0.052). 
The results suggest that genetic structure is greater in the New Caledonia Araucaria 
than theory predicts for wind pollinated conifers and that both inbreeding and geography 
affect genetic structure. These observations are further supported by the pairwise measures 
of genetic differentiation. In A. nemorosa all pairwise FST  values are significant even though 
the greatest distance between any pair of populations is considerably less than 10 kilometres. 
Furthermore the most isolated population of A. nemorosa Foret Nord (N6) has values of 
pairwise FST  substantially higher than any observed in A. columnaris on the Island of Pines 
over equivalent distances, and even populations separated by over twice the geographic 
distance. It is notable that these values are considerably higher than even those observed in 
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other conifer species covering distances of hundreds (Ledig et al. 2002) and even thousands 
of kilometres (Al-Raba'ah and Williams 2002). 
The significant positive correlations between geographic distance and genetic 
distance support isolation by distance as a cause of the observed population structure in A. 
columnaris over the species range. 
Comparisons with other studies: The amount and partitioning of nSSR variability in 
different species are difficult to interpret. Ideally comparisons should be by reciprocal 
transfer of polymorphic loci for all species combinations (Peakall et al. 2003). Comparisons 
among studies are even more problematic. Differences in study objectives, sampling 
strategies, number of loci and laboratory protocols are all confounding variables. However, 
with the intention of placing the findings of the present study in a wider context, a small 
literature survey of nuclear DNA marker studies in conifers was carried out, the results of 
which are summarised in Table 2.12. All comparisons are made with the above potential 
problems in mind. 
Within the genus Araucaria, Peakall et al (2003) revealed similar, if slightly lower 
levels of variation in Araucaria cunninghamii to those in this study. However, Peakall et al's 
(2003) estimates are based on only a single population which is comparable to our 
observations of population level diversity. 
Most nSSR studies have been on commercially important conifer species with 
research dominated by work on the Pinus genus. Levels of variation considerably lower than 
the species levels observed in A. nemorosa and A. columnaris are revealed in populations of 
Pinus halepensis and P. brutia (Keys et al. 2000) being more comparable to our lowest 
population estimates of both Hs and A in A. columnaris. A survey of the total species range 
of P. taeda (loblolly pine) by Al-Raba'ah and Williams (2002) revealed levels of genetic 
variation very similar to those observed in the New Caledonian Araucaria in this study. In 
contrast a population study of P. pinaster revealed considerably higher levels of genetic 
variation (Mariette etal. 2001). Similarly, notably higher numbers of alleles and greater gene 
diversity (HT) have been revealed in two species of hemlock (Wellman et al. 2003). Tsuga 
heterophylla and T. heterophylla had equivalent levels of allelic diversity to this study 
although gene diversity is notably higher than that observed in A. columnaris and A. 
nemorosa (see Table 2.12). It is worth mentioning that Peakall et a! (2003) found 
exceptionally low levels of variation in Araucaria 's relict sister genus Wollemia nobilis but 
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Table 2.12 Data from survey of literature including number of nSSR loci, species sample coverage; number of populations (N); number of individuals 
screened (n); geographic range (km); mean number of alleles per locus over all populations (A) genetic diversity (HT); inbreeding coefficient (Fj ) and 
FST estimates from studies of genetic diversity and genetic structure in a range of conifer species. 
Type of Sample Geographic 
Species marker No Loci coverage N n Range Km A H f FST Reference 
Pinus halepnesis nSSR 7 - 3 47 - 3 0.58 - - Keys et al. 2000 
P.bruiia nSSR 7 - 2 50 - 2.7 - - - Keys etal. 2000 
Al-Raba'ah and Williams, 
P.taeda n SSR 18 species ? 109 >1000 10.8 0.68 0.057 2002 
P.pinaster nSSR 3 regional 23 690 >1000 27.33 0.832 0.144 0.110 Mariette etal. 2001 
P. contorta nSSR 5 local 12 480 <1000 11.8 0.74 0.360 0.028 Thomas etal. 1999 
P. sy!vestris nSSR 2 regional 2 20-26 <1000 - 0.74 - 0.02 Karhu etal. 1996 
Tsuga helerophy!!a nSSR 9 - - 8-24 - 11 0.88 - - Wellman et al. 2003 
T. merlensiana nSSR 6 - - 195 - 16.2 0.89 - - Wellman et al. 2003 
Araucaria cunninghwnii nSSR 3 local 1 38 >1000 5.7 0.61 0.37 - Peakall et al.2003 
A. araucana RAPDs N/A species 13 195 <1000 0.128 Bekessey etal. 2002 
A. angustfo!ia isozymes 15 regional 9 328 <1000 2.0 0.084 0.148 0.044 Auleretal. 2002 
Pilgerodendron uvferum RAPDs N/A species 16 192 >1000 - - - 0.186 Allnutt etal. 2003 
Mean for common conifers isozymes N/A N/A N/A N/A N/A - - 0.080 0.052 Derived from Cole 2003 
Mean for rare conifers isozymes N/A N/A N/A N/A N/A - - 0.216 0.171 Derived from Cole 2003 
A. nernorosa nSSR 7 species 8 282 <10 21.14 0.715 0.097 0.06 This thesis 
A. columnaris nSSR 7 species 15 486 <1000 15.71 0.654 0.118 0.123 This thesis 
N/A = Not applicable - = Information not available 
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RAPD analysis for Araucaria araucana (Bekessey et al. 2002) revealed estimates of 
genetic structure about twice that observed in A. nemorosa, similar to the values for the 
species range in A. columnaris. Slightly higher values have been revealed in the threatened 
conifer Pilgerodendron uvferum over the species range (Allnutt et al. 2003). Although both 
of their studies used dominant markers it has been demonstrated that among population 
variation in trees using either dominant or SSR markers gives very similar results (Nybom 
2004). 
Accepting the caveats in making cross species and study comparisons of genetic 
variation using nSSR 's, the New Caledonia Araucaria in this study do not exhibit unusually 
low levels of genetic variation compared to a range of other conifer species. In fact some 
other species show notably lower levels of neutral marker variation (Peakall em' al. 2003 and 
Keys et al. 2000). The level of genetic structure observed in A. columnaris is similar to other 
endemics conifers while A. nemorosa at the species level shows similar values to common 
widespread conifers. This probably reflects that fact that A. nemorosa now only represents a 
small part of its previous range. 
Conservation implications: On an optimistic note these results indicate that A. nemorosa 
populations do not seem to have suffered alarming levels of genetic erosion as a 
consequence of range restriction. However there is some indication that in extreme cases 
forest clearance has led to a loss of alleles in one population. Analogous, though more 
extreme reductions in effective population size and chronic genetic isolation appear to have 
led to elevated levels of inbreeding in one population of A. columnaris. In the short-term 
such restricted gene flow may lead to elevated inbreeding and inbreeding depression which 
has consequences for population viability, as appears to have occurred in the Porcupine 
Island population of A. columnaris. Furthermore, chronic inbreeding may lead to the loss of 
adaptive potential in the long-term. These issues will be greatly clarified by investigating 
contemporary gene flow and mating systems. However, management strategies should 
consider the potential to facilitate gene flow between remnant populations. This study 
illustrates a very different picture of the scales of genetic differentiation in wind-pollinated 
conifers to general guidelines. This has implication for strategies aiming to sample the extant 
genetic variation for ex-situ or in-situ conservation of A. nemorosa. Despite this species' 
narrow range, sampling over all remnant populations which occur over relatively small 
distances would be highly advisable in order to capture the extant genetic variation. 
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2.5. Conclusion 
This comparative study has demonstrated that the adult populations of A. nemorosa do not 
show significantly lower genetic diversity than the common congener A. columnaris and 
instead have comparable levels of neutral marker variation to other conifer species. 
The results indicate that isolation by distance over large scales, and non-random, 
mating both play a role in shaping the observed population genetic structure. Despite the 
historically fragmented spatial structure of A. columnaris populations on the Island of Pines 
there does not appear to be any relationship between population size and genetic diversity. 
The levels of genetic diversity observed in adult populations of A. nemorosa indicate that 
fragmentation has not led to genetic erosion in remnant populations. However, in one 
extreme case fragmentation does appear to have led to a genetically depauperate population 
but there is no evidence of this for the species as a whole. 
The range reduction of A. nemorosa is likely to have been a relatively recent 
phenomenon with major forest clearance occurring in the last 150 years (Jaffre, 1995). Since 
many of the remnant adult trees may predate this change, the inbreeding coefficients and 
allelic richness in these populations will not be indicative of contemporary population 
genetics processes. Investigating the genetic diversity in seedling population will provide 
insight into contemporary genetic consequences of fragmentation and is the subject of the 
next chapter. 
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Chapter 3: Contemporary genetic consequences of Fragmentation in New 
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Abstract 
This study used a comparative approach to investigate the contemporary genetic 
consequences of fragmentation in New Caledonian Araucaria. Using seven polymorphic 
nuclear microsatellite markers, a comparison was made of the genetic variation, 
differentiation, and inbreeding coefficients between seedling populations of A. nemorosa and 
A. columnaris. Both species showed high levels of genetic variation in seedling populations 
(A. ñemorosa A e = 17.97; A. columnaris Ae = 13.94; A. nemorosa He= 0.701; A. columnaris 
H= 0.624) with no significant difference between species. At the populations level A. 
nemorosa had significantly higher allelic richness and gene diversity than A. columnaris (A. 
nemorosaAe = 7.0, A. columnarisAe = 5.9, P<0.01; A. nemorosa Hs = 0.66, A. columnaris H5 
= 0.59, P<0.05). Seedling populations of both species revealed significant genetic 
differentiation at microsatellite loci (A. nemorosa Fsr = 0.051; A. columnaris FST  = 0.052; P 
<0.05). Foret Nord, the smallest and most isolated population demonstrated notable 
differentiation, having a mean pair wise FST  greater than any other population VsT  = 0.084). 
Interestingly this was the only A. nemorosa population where pairwise FST  values were 
higher in seedlings than adults supporting the hypothesis that this population is genetically 
isolated. Comparing genetic variation between seedling and adult cohorts A. columnaris 
showed no difference between life stages. In contrast seedlings in A. nemorosa populations 
had a significantly lower number of alleles per locus (adults, A = 10.8, seedlings, A = 8.5; 
P<0.05) and reduced allelic richness (adults, A e = 7.5 seedlings, Ae = 7.0; P<0.05). This 
indicates a loss of genetic diversity in this rare species. A highly significant departure from 
panmixia was observed in all seedling populations of A. nemorosa (F1s = 0.142-0.241) 
revealing a two-fold increase in Fis  between seedlings and adults. In contrast A. columnaris 
showed no difference between life stages in F1.  These results indicate that A. nemorosa 
populations may be experiencing genetic bottlenecks and elevated inbreeding as a 
consequence of recent fragmentation. The deleterious consequences of such genetic 
processes are discussed in relation to the potential for A. nemorosa to enter an extinction 
vortex. 
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3.1.0 Introduction 
Habitat fragmentation results in many species becoming geographically restricted with 
remnant populations that are reduced in the size and isolated from one another. Such changes 
have ecological and genetic consequences for plant populations that may influence their 
persistence. The population genetic consequences of small populations have been a central 
theme in evolutionary and conservation biology (Ellstrand and Elam 1993; Frankham 2002). 
Small populations are considered to be at risk of entering what has been termed an 
'extinction vortex' by Gilpin and Soule (1986). The 'extinction vortex' refers to the process 
by which human impacts such as habitat loss and over-exploitation reduce populations to the 
point where demographic factors and inbreeding may cause a further decline and feedback 
towards extinction. In addition to these potentially immediate effects, the erosion of genetic 
variation in small populations by genetic bottlenecks due to fragmentation may also have 
significant long term consequences for species (Ennos 1996; Young etal. 1996). 
In order to develop effective conservation and restoration strategies for endangered 
species it is essential to understand if and how population genetic processes might 
compromise a species' persistence. Deteimining the current level of genetic variation in 
extant populations, how this is distributed within the species and information on the current 
breeding system are essential stages in this process. 
Fifty percent of the world's conifer species are recorded as threatened with 
extinction (Newton et al. 1999), of which the IUCN has identified the southern conifers as 
being at greater risk of extinction (Farjon and Page 1999). This group has attracted, some 
research interest (Bekessy et al. 2002a; Ledig et al. 2002; Allnutt et al. 2003; Pye and Gadek 
2004). However, in comparison to more economically significant northern conifer species 
virtually nothing is known about their ecology or genetic resources. A case in point is the 
territory of New Caledonia a world 'biodiversity hot spot' (Myers et al. 2000, Brooks et al. 
2002) and probably the most important single territory for conifer species. This small 
territory has a total of 43 endemic conifers accounting for 7% of the World's conifer species. 
Twenty-nine of which are under threat due to habitat loss and fragmentation, including 11 of 
the territory's 13 species of Araucaria (Jaffré, 1995; Watt, 1999). Furthermore conifer 
species may be particularly susceptible to the effects of inbreeding and inbreeding 
depression -(Hedrick etal. 1999; Keller and Waller 2002). 
New Caledonia has been considerably altered since the arrival of man ca. 3500 years 
ago with over 50% of the original forest cover lost (Jaifré, 1998). During the last 150 years 
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increase fire frequency, mining and forest exploitation have destroyed entire populations of 
conifers, further imperilling these forest's genetic resources (Jaffre 1995). 
Araucaria nemorosa is the most endangered of all the New Caledonian Araucaria. It 
is critically endangered under IUCN classifications (Farjon and Page 1999), and is found in 
only 8 discrete remnant populations in the extreme south of New Caledonia's main island 
Grand Terre in the region Port Boise (Figure 2.1). A. nemorosa is an ideal candidate for a 
conifer species which may be entering an 'extinction vortex'. This species' range is severely 
restricted and fragmented with remnant populations showing signs of reproductive failure 
indicated by low seed set (McCoy and Chauvin pers.comm. 2003) and limited recruitment 
(Waters et al. 2002). One population Foret Nord (N6 see Fig 2.1) may be particularly 
susceptible to the risks of extinction as it is extremely small and isolated from all the other 
populations. Investigating the potential processes that may lead to extinction in such an 
extreme case of fragmentation will facilitate scientifically informed conservation. 
In order to appreciate the significance of fragmentation, investigating both historical 
and contemporary population genetic processes is required. In long-lived organisms such as 
trees the genetic diversity and structure in adults will be the result of historic processes 
including population dynamics and gene flow that may be the result of hundreds or even 
thousands of years of pollen and seed dispersal. In contrast, genetic diversity and structure in 
seedlings will be the result of contemporary reproductive events, which may have taken 
place under very different conditions. This will be especially true if fragmentation is only a 
relatively recent phenomenon. 
Hyper-variable co-dominant microsatellite markers (nSSRs) provide a practical 
means for investigating genetic diversity and structure in conifers to address conservation 
genetic issues (Keys et al. 2000; Peakall et al. 2003; Robledo-Arnuncio and Gil 2004, 2005). 
Robledo-Arnuncio and Gil, (2004; 2005) demonstrated using nSSR's and paternity analysis 
that a small isolated population of Scots pine (Pinus sylvestris) showed an eight-fold higher 
selfing rate than large less isolated populations. In addition, long distance pollen immigration 
accounted for only 4.3% of mating in their isolated study population. If the reduction in 
population size limits the abundance and diversity of pollen donors in remnant populations 
of A. nemorosa, prezygotic self-incompatibility or early acting inbreeding depression could 
lead to reduced seed set. 
Microsatellite primers that cross-amplify between New Caledonian endemic 
Araucaria were developed in our lab (Robertson et al. 2004) providing the opportunity to 
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make appropriate comparisons of genetic diversity and inbreeding between species. 
Comparison between rare and common widespread congeners has provided valuable insight 
in other studies (see Karron 1987; Hamrick and Godt 1989, 1991; Gitzendanner and Soltis, 
2000; Cole, 2003). In Chapter two it was established that adult populations of A. nemorosa 
show relatively high levels of genetic diversity which are similar to the common widespread 
congener A. columnaris. Furthermore, the study demonstrated that in adult populations of A. 
nemorosa fragmentation does not appear to have affected population genetic diversity except 
in extreme cases, indicating that fragmentation is likely to have been relatively recent 
(Chapter 2). 
In order to investigate contemporary reproductive events in A. nemorosa and the 
effects of reduced population size and isolation, the present study assesses the genetic 
diversity in seedling populations and contrasts this with genetic diversity in adults (Chapter 
2). If fragmentation is disrupting population genetic processes that compromise population 
viability and increase the risk of extinction this may only now be apparent. Making a 
comparison between conifers with contrasting conservation statuses (A. nemorosa and A. 
columnaris) may help to indicate whether differences between seedlings and adults are 
common to Araucaria, or are associated with species threatened by exploitation and provide 
a useful baseline study for the other threatened endemic conifers of New Caledonia. 
3.1.1 Objectives of study 
The specific objectives of this study were to quantify the genetic diversity, structure and 
inbreeding coefficients in seedling populations of A. nemorosa using nSSR's to investigate 
whether the reduction in size and increase in isolation of populations as a consequence of 
habitat fragmentation is pushing A. nemorosa toward an extinction vortex. Contrasting the 
genetic data from seedling populations with the data on adult populations (Chapter 2) and 
making comparison with A. columnaris enables the following questions to be addressed: 
Do seedling populations of A. nemorosa have lower allelic richness compared to 
adult populations? 
Do seedling populations of A. nemorosa have elevated inbreeding coefficients 
compared to adult populations? 
Do seedling populations show higher levels of genetic differentiation compared to 
adult populations? 
Do seedling populations of A. columnaris show similar patterns of genetic diversity 
and structure between life stages? 
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320 Materials and Methods 
3.2.1 Study populations 
Araucaria nemorosa occurs in low altitude evergreen rainforest (Morat et al. 1981) less than 
two kilometres inland in the extreme south east of New Caledonia. Eight distinct populations 
of A. nemorosa have been located in total. The genetic diversity in adult populations has 
been characterised in seven of these sites representing the species' total range (Chapter 2). 
These occur in coastal forest at Port Boise (NI, N2, N3 and N5), Cap Reine Charlotte (N4) 
and an outlying population Foret Nord further inland (N6 Fig. 2.1) (Waters el al. 2002; pers. 
obs. 2003). The Foret Nord population falls within the confines of an extensive mining 
development, adding additional political and conservation interest as the survival of this 
population is the responsibility of an international mining company (McCoy pers. comm. 
2003). The habitat of A. nemorosa is typically impoverished indurate ferritic soils overlying 
peridotites (McCoy and Jaffre 1999), with extensive areas of scrub over black laterized rock 
termed 'cuirasse' (Enright and Goldblum 1998). This vegetation type is dominated by 
Baeckea ericoides with clusters of A. nemorosa likely to be a component of secondary 
vegetation post fire (McCoy and Jaffre 1999). 
In contrast, A. columnaris is found in a coastal variant of this low altitude rainforest, which is 
edaphically and climatically different (Jaffre, 1995). This species is widespread on the 
southern coast of Grand Terre but is most abundant in strips a few hundred meters wide 
adjacent to the sea on the Island of Pines and the Loyalty islands. The genetic diversity in 
adults over the species' total range was characterized in Chapter Two. It is typically 
associated with calcareous substrates especially emergent coral typified by the populations of 
the Islands of Pines. The Island of Pine populations were used in the present study for 
comparison with A. nemorbsa populations as they reflect an equivalent spatial range (Fig 2.2 
and Fig 2.3 and Fig 1.6 b). These populations have been described in detail in Chapter two. 
322. DNA sampling strategy 
DNA sampling strategy for A. nemorosa seedlings: In total 252 seedlings <10 cm in height 
of A. nemorosa were sampled for leaf needle material from the 7 populations described 
above. These are the same populations sampled for adult trees (Chapter 2). These sites 
included three large relatively continuous fragments and three smaller more isolated 
fragments (Table 3.1). With the exception of N7 (which had very low seedling density) each 
population was sampled for 40 seedlings following the protocol described in detail in 
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Chapter two. Briefly, seedling collections were made at the same time as sampling adult leaf 
material, each seedling sampled as near as possible to the sampled adult tree. This ensured 
sampling over equivalent spatial areas of both the adults and seedling populations within 
each study site and enabled the same GPS coordinates to be used for each life stage. 
DNA Sampling strategy for A. columnaris: The same sampling strategy was adopted for 
seedling populations of A. columnaris. Leaf needle material was collected from a total of 256 
seedlings from 7 study sites on the Island of Pines (see table 3.1 and figure 2.2) including 
four island populations and 3 coastal populations. This sample represented an equivalent 
spatial scale to A. nemorosa. 
3.2.3 DNA isolation and SSR loci analysis 
DNA isolation and nSSR analysis followed exact protocols used for analysis of adult trees 
described in chapter 2. Briefly, all samples were screened using 7 nSSR primer pairs isolated 
from New Caledonian Araucaria which had previously used to assess genetic diversity and 
structure in adult populations of A. nemorosa and A. columnaris (Robertson et al. 2004; 
Chapter 2). 
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Table al Geographic location, code name, area, approximate size and grid references of 
Araucaria nemorosa and A. columnaris seedling sample populations (SP). The number of 
seedlings (n) analyzed at the seven nuclear microsatellite loci (nSSR) to quantify species and 
population level genetic diversity and genetic structure. All sampling was carried out 
between November 2002 and March 2003. 
Species and SP SP SP Grid reference nSSKc 
location Local name code Area Size (UTM) (n) 
(Ha) (count) 
A. nemorosa 
Port Boise Kaanua NI 22.68 >1000 E702238 N7527025 40 
Port Boise Vane N2 15.72 >1000 E701315 N7526151 40 
Port Boise New forest N3 15.20 >1000 E700673 N7525264 40 
Cap Reine 
Port Boise Charlotte N4 4.60 <500 E705049 N7528681 40 
Port Boise Mini Nuri N5 1.28 <500 E701094 N7525919 40 
Port Boise Foret Nord N6 0.44 <100 E696795 N7529590 40 
Port Boise Natash's N7a 2.68 <100 E701326 N7527457 5 
Port Boise Natash's new N7b 1.48 <100 E700753 N7527027 20 
Species total 252 
A. columnaris Island of Pine 
Island of Pines Kuto Head IP1 12.88 >200 E750200 N7491000 40 
Island of Pines Weeneba Head 1P2 12.28 >200 E749200 N7493000 40 
Island of Pines Presque D'oro 1P3 17.2 >1000 E760700 N7499000 40 
Island of Pines Ilot Baieonassie 1P4 8.92 >200 E748400 N7490000 40 
Island of Pines Ilot Moro 1P5 3.64 <100 E746100 N7493000 40 
Island of Pines Hot Adventure 1P6 4.12 <100 E751800 N7489000 40 
Island of Pines Ilot Durcoc 1P8 0.64 <100 E751600 N7490000 16 
Species total 	256 
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3.2.4 Statistical analysis 
The statistical approaches used here to investigate genetic diversity of seedling populations 
follow those used to investigate diversity in adult tree populations of A. nemorosa and A. 
columnaris described in detail in Chapter 2, and are therefore only summarized below. To 
confirm that the different loci could be considered as independent replicates, linkage 
disequilibrium between all pairs of loci within each population and across all populations 
was tested using GENEPOP 3.3 (Raymond and Rousset 1995); no significant linkage was 
observed between any pairs of loci either within or jack-knifing across populations. 
Comparing species level genetic diversity between species or ljfe stages using nSSRs: 
Species level genetic diversity measured as global gene diversity (I-Ir)  and number of alleles 
per locus (A) was calculated using GDA (Lewis, P. 0., and Zaykin, D. 2001). Per locus 
allelic richness (A e) was calculated using F-STAT version 2.9.3.2 (Goudet, 1995). A simple 
paired (-test was used to test the null hypothesis of no significant difference between species 
or between life stages within species for means of each measure of genetic diversity. The 
seven nSSR loci were used as replicates of each measure of genetic variation. All statistical 
analysis was carried out using the package Graph Pad Prism 4 © 2003 or Minitab 14 © 2004. 
Comparing population level genetic diversity between species or life stages using nSSRs: 
F-STAT version 2.9.3.2 (Goudet 1995) was used to estimate population level genetic 
diversity in terms of mean number of alleles (A), allelic richness (A e), and gene diversity 
(Ha). A simple paired t-test was used to test the null hypothesis that there were no significant 
differences in within population genetic diversity between species or life stages based on the 
mean of within population genetic variation. The software F-STAT (Goudet, 1995) was also 
used to test for significant differences between species, using the permutation test among 
groups option. All population comparisons were made using populations Ni -N6 in A. 
nemorosa and IPM  P6 in A. columnaris to avoid the effects of uneven sample size. A simple 
Two-way ANOVA was used to test the null hypothesis of no difference between the mean 
genetic diversity for each population, using the per locus estimate of each statistic as the 
response variable and the loci and the populations as the two factors. 
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Comparing species and population level inbreeding coefficients between life stages and 
species: The species level inbreeding coefficient (/) was estimated at each locus using GDA 
(Lewis and Zaykin 2001). The overall values were tested for significance by bootstrapping 
over loci to generate a 99% confidence interval using 10000 replicates. Population level 
inbreeding coefficients (F1 ) were estimated using F-STAT (Goudet, 1995). A simple paired 
t-test was used to test the null hypotheses of no difference between life stages and species 
using loci as replicates. 
Comparing species and population level genetic structure between species and between life 
stages over an equivalent sample area: The analysis of genetic structure in seedling 
populations of A. nemorosa and A. columnaris adopted the same protocols used for analysis 
of adult populations described previously (Chapter 2). Briefly, genetic structure was inferred 
based on Wright's (1943) FST,  using Weir and Cockerham (1984) estimator theta (0) using 
GDA (Lewis and Zaykin 2001). A simple paired Nest was used to test the null hypothesis of 
no significant difference between the species means of genetic differentiation using the 
seven nSSR loci as replicates. Population pairwise FST  values were tested for significant 
differences beiween populations by permutation tests using F-STAT version 2.9.3.2 (Goudet 
1995). It has been demonstrated that measures of differentiation base on FST are highly 
sensitive to the level of variation at loci because the greater the variability at a locus the 
lower the 'potential within-population homozygosity, thus the lower the ability to detect 
statistically significant differentiation by FST  (Hedrick, 1999). This problem is particularly 
acute when making comparisons between species or populations using markers which have 
very different levels of variation i.e. allozymes vs microsatellites. Under such conditions 
differences in measures of genetic differentiation may be an artefact of the markers rather 
than biologically meaningful. Since this study uses the same markers with similar levels of 
variation across loci this is not considered a problem. 
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3.3.0 Results 
3.3.1 Comparing seedlings genetic diversity inferred from 7 nSSR loci between A. 
nemorosa and its common sister species A. columnaris over an equivalent sample 
area 
Species level genetic diversity: Based on analysis of 256 (A. nemorosa) and 252 (A. 
columnaris) individual seedlings all 7 nSSR loci were polymorphic in both species. The total 
number of alleles was 127 and 100 in A. nemorosa and A. columnaris respectively. Allelic 
richness (A c) and gene diversity (H11.) were higher in A. nemorosa (A e = 17.97; HT=  0.701) 
compared to A. columnaris (A c = 13.94; HT = 0.624) but not significantly so. The per locus 
global genetic diversity statistics for each species are summarised in Table 3.2. These two 
closely related conifers have distinctively different allele frequency distributions in seedling 
populations (Figures 3.1 a-g and Table 3.2). This corresponds with the results from adult 
populations (Chapter 2). 
Population level genetic diversity: Across 6 populations in each species all 7 nSSR loci were 
polymorphic. The mean allelic richness based on a minimum of 13 diploid individuals 
ranges from Ae = 5.4 in A. columnaris population 1P4 to A. = 8.1 in A. nemorosa population 
NI. The population level genetic diversity for each species is summarised in Table 3.3. 
Comparing the within population levels of genetic diversity averaged over the 7 nSSR loci 
and populations A. nemorosa seedlings had significantly higher levels of genetic diversity 
than A. columnaris for mean allelic richness (A. nemorosa Ae= 7.0; A. columnaris A e 5.9; 
P< 0.01), and gene diversity (A. nemorosa H, = 0.66; A. columnaris H, = 0.59; P <0.05) (see 
Table 3.3). The variation among seedling populations for allelic richness within species in A. 
nemorosa was highly significant (P < 0.01). Population N6 had significantly lower allelic 
richness than Ni, N2, N3 and N5 (P < 0.05). There was no significant variation among 
populations for any measure of genetic diversity in A. columnaris. 
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Table 3.2 Per locus, global estimates of genetic diversity and genetic structure for seedlings 
(and mean multi-locus estimates for adults) Araucaria nemorosa and A. columnaris, the 
number of individuals analyzed for each locus (n), allele size range in base pairs (bp), 
number of alleles counted at each locus (A), allelic richness (A e) after correcting for sample 
size (minimum sample size of 232 individuals), gene diversity (lir),  inbreeding coefficient 
(1) and theta (0). 
Allele size 
Species Locus n range (bp) A A,, HT f 0 
A. nemorosa 
Arul 232 189-268 29 28.86 0.924 0104b 0.049 
ASIJO 219 135-216 26 25.63 0.892 0•354b 0.039 
AS167 212 164-186 4 4.00 0.425 0.145 0.031 
AS190 228 126-146 8 7.89 0.379 0.531 b 0.014 
AS152 232 154-230 35 34.41 0.930 0•060b 0.090 
AS93 207 183-271 11 10.99 0.653 0167b 0.068 
AS25 206 229-339 14 14.00 0.701 0155b 0 . 029 
mean 219 18.14 17.97 0.701 0.1953c 0.051 
mean of adult? 263 21.14 20.66 0.715 0.097 
a 0.060 
A. columnaris Arul 246 204-348 46 44.63 0.951 0.203 b 0.041 
ASJJO 248 157-194 12 11.99 0.828 0062b 0.053 
AS167 239 166-198 7 6.31 0.065 -0.057 0.036 
AS190 230 130-158 10 9.99 0.774 0 . l01 'D 0.029 
AS152 252 158-195 17 16.74 0.817 0.081 b 0.044 
AS93 211 203-299 5 4.95 0.422 -0.056 0.088 
AS25 243 272-323 3 3.00 0.513 0.043 0.071 
mean 238 14.29 13.94 0.624 0.088 
ac 0.050 
mean of adult? 227 13.57 13.27 0.629 0.113 a 0.052 
a, b, C indicate significantly deviates from zero at ap < 0.01 °P < 0.05 or significantly 
differ between species Cp < 0.0 1.' Data from Chapter 2 
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3.3.2 Comparing genetic diversity between seedlings and adults within species 
In a comparison of the species level genetic diversity of adults and seedling there was no 
significant difference between life stages for any of the species level genetic diversity 
parameters in either species (Table 3.2). In contrast at the population level seedling 
populations in A. nemorosa consistently had lower numbers of alleles than adult populations 
across loci with the exception of population N5 (Fig. 3.2a). Comparing the population 
genetic diversity averaged over the 7 nSSR loci and populations A. nemorosa seedlings had 
significantly lower mean number of alleles and allelic richness than adults (P < 0.05) (see 
Tables 3.3 for comparisons). A. columnaris seedling populations had similar numbers of 
alleles to adult populations (Fig. 3.2b). For A. columnaris no genetic diversity parameters 
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Figure 3.1a Species comparison of allele frequencies for locus Arul in seedlings 
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Figure 3.lc Species comparison of allele frequencies for locus As167 in seedlings 
Alleles 
o - 
/ 0  
Contemporary genetic consequences ofJragmentation in New Caledonia Araucciria: a comparative study 















126 	130 	132 	134 	136 	138 	140 	142 	144 	146 	152 	158 
Alleles 
88 
conieInporar.! genetic consequences oI/raginentatio;z in New (.QlCdOflla Araucaria: a comparative study 














r r r r 	 r r r r r r r r r r 	 r r r 	 N N N N N N N N N N N N 
Alleles 
89 








Contenporary genetic consequences of/ragmentation in New Caledonia Araucaria: a comparative study 
Figure 3.1f Species comparison of allele frequencies for locus As93 in seedlings 
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Figure 3.lg Species comparison of allele frequencies for locus As25 in seedlings 
9.1 
Chapter 3. Results 
Conteinporaty genetic consequences of fragmentation in New Caledonia Araucaria: 
a comparative study 
3.3.3 Inbreeding coefficients (F1s) in A. nemorosa and A. columnaris 
Comparing species: The species level inbreeding coefficient (F15) was significantly higher in 
seedlings of A. nemorosa (F15 = 0.195) than in seedlings of A. columnaris (F15 = 0.088) P < 
0.01. Fs significantly deviated from zero at six of the seven loci at the species level in A. 
nemorosa but only at four loci at the species level in A. columnaris see Table 3.3. The six 
seedling populations of A. nemorosa all had multi-locus inbreeding coefficients that 
significantly deviated from zero. Only one population (IPI) of A. columnaris seedlings had a 
multi-locus inbreeding coefficient that significantly deviated from zero (Table 3.3). 
Comparing seedlings and adults: Over all in A. nemorosa seedlings the inbreeding 
coefficient (F15) was twice as high as in adults (seedlings F15 = 0.195 vs adults F15 = 0.096). 
Estimates of F1s  within populations showed that in all A. nemorosa populations F15 was 
higher for seedlings than for adults. The mean F15 value taken over all populations was 
significantly high in seedlings than adults in A. nemorosa (seedlings F1s = 0.194 vs adults F15 
= 0.107; P < 0.05) (Table 3.3). In contrast, in A. columnaris there were no significant 
differences in inbreeding coefficient F15 between adults and seedlings (seedlings F15 = 0.088 
vs adults F15 = 0.113). The within population estimates of F15 showed that in all populations 




Table 3.3 Population estimates of genetic diversity and inbreeding coefficients in seedlings and adults from six populations of Araucaria nemorosa and 
six populations of A. columnaris inferred from seven nSSR loci. The area of the sample populations in hectares (Ha); the approximate census size of 
population (N); mean number of individuals genotyped per locus (n); mean number of alleles, (A); allelic richness correcting for sample size (Ae) based 
on a minimum sample size of 13 diploid individuals; gene diversity (H5) all averaged across loci and inbreeding coefficient (f). 
Population seedlings Adults 
A.nemorosa Area (Ha) N n A Ae Hs f n A Ae Hs f 
NJ 22.68 >1000 34.4 11 8.1 0.71 0.194' 38.4 12.9 8.7 0.72 0.135' 
N2 15.72 >1000 25.4 9.1 7.5 0.66 0.188* 36.1 11.7 7.9 0.64 0.153' 
N3 15.20 >1000 32.4 9.7 7.3 0.69 0.219' 38.4 11.9 8.4 0.73 0.066 
N4 4.60 <500 31.4 9 7 0.68 0.241 • 37.4 11 7.4 0.70 0.160' 
N5 1.28 <500 37.3 10.7 6.8 0.64 0.142' 37.7 10 6.6 0.64 0.123' 
N6 0.44 <100 36.9 7 5.2 0.62 0.168' 35.1 7.6 5.7 0.65 0.009 
mean 33 8.5c 7.0 ac 0.67' 0.192 a"c 37.1 10.8c 75C 0.68 0 . 108"c 
A. columnaris 
IPI 12.88 >200 37.3 7.7 6.1 0.61 0.131' 38.9 9 6.3 0.49 0.150' 
1P2 12.28 >200 34.6 8 6.1 0.59 0.114 38.3 7.9 5.9 0.5 0.153' 
1P3 17.2 >1000 38.9 9 6.6 0.6 0.087 36.4 8.9 6.6 0.55 0.146' 
IN 8.92 >200 36.7 7 5.4 0.58 0.061 35.9 8 5.9 0.54 0.150' 
1P5 3.64 <100 36.6 7.6 5.8 0.55 0.084 39.3 8 5.8 0.52 0.086 
1P6 4.12 <100 38.7 79 5.9 0.61 0.096 38.3 7.4 5.5 0.57 0.05 
mean 37.1 7.9 59a 0.59 0.093 a * 37.8 7.8 5.8 0.52 0.123' 
ab indicate a significant difference between species at a  P < 0.01 bp < 0.05; C  indicates significantly different between life stages P < 0.05 
'indicates significantly deviates from zero' P < 0.01 'P < 0.05 
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Figure a2a Allele counts at each of seven nSSR loci in adult and seedling populations of A. 
nemorosa. Each chart represents a separate locus, open bars are adults shaded bars are 
seedlings 
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Figure aa Allele counts at each of seven nSSR loci in adult and seedling populations of A. 
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3.3.4 Organisation of genetic variation among populations based on Fsr in A. nemorosa 
and A. columnaris 
Comparing species. At the species level single locus estimates of genetic differentiation among 
populations (0) of A. nemorosa seedlings varied from 0.014 to 0.090 with 5% of variation 
among populations (99% bootstrapping C.I. 0.029-0.075). A. columnaris showed the same level 
of differentiation with single locus estimates of 0 varying from 0.029 to 0.088 with overall 5 % 
of variation among populations (99% C.I. 0.097-0.157) Table 3.2. 
Comparing populations: Pair wise estimates of theta (0) between 15 pairs of seedling 
populations of A. nemorosa are presented in Table 3.4. Theta ranged from 0.007 between 
populations N3 and N4 to 0.118 between population N2 and N6. All values of theta were 
significant at the 5% level. Pairwise estimates of theta (0) between all but I of 15 pairs of 
populations of A. columnaris seedlings were significant at the 5% level. 0 ranged from 0.021 
between populations IP1 and 1P2 to 0.074 between population 1P2 and 1P4 see Table 3.5. When 
pairwise genetic distances are compared over an equivalent sample scale the largest value of 
theta is 0.118 between population N2 and N6 in A. nemorosa. The mean pairwise genetic 
distance for Foret Nord (N6) is 0.084, twice that of any of other populations of A. nemorosa and 
considerably larger than any of those for A. columnaris despite its mean geographic distance 
being half that of the most distal A. columnaris population (see Tables 3.4 and 3.5). 
Comparing seedlings and adults: At the species level there was no significant difference 
between adults and seedlings for theta in either species. In A. nemorosa pairwise FST values are 
consistently lower between seedling populations than adult populations with the exception of 
Foret Nord were seedling pairwise FST  values are all higher than adults (Table 3.4)., There was 
no consistent pattern for A. columnaris (Table 3.5). 
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Table 34 Pairwise FST  values inferred from seven nSSR loci between six seedling populations 
of A. nemorosa over the species total range (lower diagonals). Above diagonals are pairwise 
geographic distance measures (kin). All genetic distance measures are significant at the 5% 
level based on 10560 permutations in FSTAT 2.9.3 (Goudet 2001). Values in parentheses are Fsr 
values for adults for the same populations from Chapter 2 
Population Ni N2 !s'3 N4 N5 iv6 
Ni 5.3 623 3.56 5.71 5.81 
0.021 
1v2 (0.031) 623 5.3 5.71 5.45 
0.017 0.026 
]v3 (0.033) (0.042) 623 0.57 5.83 
0.015 0.033 0.007 
N4 (0.025) (0.034) (0.026) 5.71 8.97 
0.032 0.041 0.031 0.031 
N5 (0.055) (0.050) (0.042) (0.050) 5.65 
0.088 0.118 0.095 0.088 0.117 
1v6 (0.061) (0.107) (0.083) (0.074) (0.106) 
mean (Fst) 0.029 0.040 0.029 0.029 0.042 0.084 
seedlings 
mean (Fsl) (0.034) (0.044) (0.038) (0.042) (0.051) (0.072) 
adults 
Table 35 Pairwise FST  values inferred from seven nSSR loci between six seedling populations 
of A. columnar/s over equivalent range to A. nemorosa (lower diagonals). Above diagonals are 
pairwise geographic distance measures (kin). All genetic distance measures are significant at the 
5% level based on 10500 permutations in FSTAT 2.9.3 (Goudet 2001). Values in parentheses are 
FST values for adults for the same populations from Chapter 2 
Populations 1P1 1P2 1P3 1P4 1P5 1P6 




13.35 2.12 2.68 4.39 
0.043 0.064 
jp3 (0.041) (0.042) 14.08 15.51 11.86 
0.052 0.074 0.032 
3.59 3.26 
IN (0.063) (0.049) (N/S) 
0.04 0.034 0.046 0.057 
jp5 (0.029) (0.024) (0.051) (0.072) 6.8 
0.048 0.073 0.057 0.039 0.068 
ip6 (0.098) (0.088) (0.028) (0.026) (0.097) 
Mean Fst 
0.034 0.044 0.040 0.042 0.041 0.048 seedlings 
Mean Fst 
(0.044) (0.040) (0.027) (0.035) (0.046) (0.056) adults 
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3.4.0 Discussion 
3.4.1 Evidence for genetic bottlenecks in A. nemorosa 
This study investigates the genetic diversity in two species of conifer which have similar 
evolutionary histories but contrasting conservation status. A. nemorosa is rare and 
geographically restricted in contrast to its common congener A. columnaris. Contrary to 
theoretical predictions no significant differences in species level genetic diversity between 
seedling populations of A. nemorosa and its common sister species A. columnaris were 
observed. In fact, seedlings of A. nemorosa had significantly higher population level genetic 
diversity than seedling of A. columnaris sampled over an equivalent spatial scale. These 
results are consistent with the observation from adult trees in the same species (Chapter 2). 
Although fragmentation may be a relatively recent phenomenon affecting population 
genetic processes in A. nemorosa, seedling populations (reflecting contemporary 
reproductive events) are not genetically depauperate in comparison to a common congener. 
Fragmentation may be such a recent phenomenon that insufficient time has passed to erode 
diversity below that of A. columnaris. Adult populations of A. nemorosa show higher levels 
of diversity than A. columnaris. For the seedlings of A. nemorosa to show lower diversity 
than seedlings of A. columnaris may take several generations with drift and inbreeding 
eroding genetic diversity. In contrast a reduction in allelic richness in A. nemorosa seedlings 
(compared to A. nemorosa adults) as a result of a genetic bottleneck will be much more 
immediate. 
In A. nemorosa species level genetic diversity is significantly lower in seedlings than 
adults. Seedlings show a significant reduction in allelic richness. In contrast A. columnaris 
shows no difference in genetic diversity between life stages. This implies that there is a 
difference between the species which may be attributable to the current population 
fragmentation in A. nemorosa. The reduction in allelic richness in the seedling populations of 
A. nemorosa provides strong evidence for a genetic bottleneck. The number of individuals 
contributing to the gene pool of seedlings is likely to be reduced as a consequence of 
fragmentation through reduced population size and density with fewer adults contributing to 
the seedling cohort. In turn this may result in loss of the rarest alleles by a genetic bottleneck 
(Nei et al. 1975; Barret and Kohn 1991). Allelic richness and changes in allele frequency are 
more sensitive indicators of genetic bottlenecks (Luikart et al. 1998) than gene diversity, 
which will only indicate extreme founder event when mid frequency alleles have been lost 
(Taggart et al. 1990). If such genetic bottlenecks are the consequence of recent 
Chapter a Discussion 
Characterising genetic diversity in seedling populations of a critically, endangered 
conifer 
fragmentation further insight may be gained by comparison between populations. Foret 
Nord, the smallest most isolated population is likely to be particularly susceptible to founder 
effects. 
The results from this study showed significant variation in allelic richness between 
seedling populations of A. nemorosa. The most genetically depauperate seedling population 
was indeed Forest Nord (N6), which had significantly lower allelic richness than all the other 
populations (P< 0.05) except the Cap Reine Charlotte population (N4). Interestingly this is 
the second most isolated remnant. These observations are consistent with those for adult 
populations where Foret Nord was also the most genetically depauperate (Chapter 2). This 
reinforces the idea that Foret Nord is likely to have previously been more widespread and 
has recently experienced a population bottleneck. It is notable that Foret Nord still shows 
levels of allelic richness at microsatellite loci greater than the extremely and chronically 
isolated adult population of A. columnaris on Porcupine Island (Chapter 2) and in other rare 
conifers studied with microsatellites (Keys et al. 2000). 
3.4.2 Evidence for elevated levels of inbreeding in A. nemorosa 
In seedlings of A. nemorosa and A. columnaris the multi-locus global inbreeding coefficients 
indicate significant levels of inbreeding. This is congruent with the results for adult 
populations (Chapter 2). Strong evidence for elevated levels of inbreeding in the remnant A. 
nemorosa populations is provided by the fact that global inbreeding coefficients in seedlings 
are approximately two times that observed in seedlings of A. columnaris and two times that 
of adults of A. nemorosa. These values for inbreeding coefficients are considerably larger 
than those in a study of Pinus strobus seedlings using six microsatellite pairs where F1s was 
only 0.043 and 0.051 in old growth and logged forest respectively (Walters and Eppersons 
2004). The observed values of Fjs are similar to those for rare conifer species inferred from 
isozymes (Cole 2003). 
There are several different hypotheses for the elevated levels of inbreeding observed 
in A. nemorosa. One explanation is that fragmentation and exploitation has reduced the 
density of adult trees in the remnant populations of A. nemorosa resulting in a reduction in 
the availability of pollen and increase in the level of self-fertilisation. This has been observed 
in heavily exploited populations of other conifer species (Zheng and Ennos 1997;) Assuming 
populations are in inbreeding equilibrium, then F15 can be used to calculate selfing rate (s) 
using the relationship s = (2F15)/(1+F1 ) (Allard et al. 1968). This estimates a self-fertilization 
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rate of ca 32% and 26% in A. nemorosa and A. columnaris seedlings respectively. Despite 
the fact that this is a rough estimation, it is interesting to note that this is similar to findings 
in a recent study of an extremely isolated population of Scots Pine using total exclusion 
paternity analysis, revealing a self-fertilization rate of 25% considerably greater than in 
larger more continuous populations (Robledo-Arnuncio and Gil 2004). 
An alternative interpretation of these results is that A. nemorosa seedlings have 
historically been inbred but the most inbred individuals are selected out leading to an 
increase in population heterozygosity as trees mature. This would account for the difference 
between life stages. In Pines (one of the most studied conifer mating systems) self-
fertilisation is considered to occur at a low to moderate level (Vogl et al. 2002). However, 
the genus shows some of the highest numbers of embryonic lethals known. Furthermore, 
research on Pinus sylvesiris (Muona et al. 1987) and P. leucodermis (Morgante et al. 1993) 
has demonstrated that selection can be powerful in eliminating selfed individuals at the 
seedling stage. As a counter argument to this, no significant difference in global inbreeding 
was observed between life stages in A. columnaris. In fact at the population level only one 
seedling population had a significant inbreeding coefficient compared with four. out of six 
adult populations in this study and seven out of 15 in (Chapter 2). It is difficult to imagine 
why two species, which have such similar reproductive ecology and mode of gene dispersal, 
should display such radically different levels of inbreeding unless driven by the current 
population constraints. 
Fragmentation and demography may be shaping the current levels of inbreeding. 
Limited numbers of parents contributing to the seedlings within regeneration gaps for 
example may increase the relatedness between individuals (Epperson and Alvarez-Bayella 
1997). In contrast, landscape scale disturbance may lead to regeneration where the seedling 
cohort is likely to be from a more heterogeneous seed supply. If family structure has 
developed in the remnant, adult populations of A. neinorosa then a reduction in the 
abundance and heterogeneity of pollen within stands due to a decrease in the effective 
population size could exacerbate inbreeding both by selfing and increased levels of mating 
between relatives. This hypothesis is supported by the fact that Foret Nord the smallest and 
most isolated population shows the greatest contrast in inbreeding between seedling and 
adult life stages. 
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3.4.2 Evidence for restricted gene flow 
Both species of Araucaria show similar but significant levels of genetic differentiation with 
5% of variation between seedling populations. If contemporary gene glow was dramatically 
restricted by fragmentation in A. nemorosa there may be contrasting levels of genetic 
differentiation between life stages, where the adults represent historic gene flow and the 
seedlings contemporary gene flow. In general this is not the case and seedlings show similar 
patterns to adults over the same scale in both species. However, Foret Nord shows 
considerably higher levels of differentiation, suggesting that gene flow between this and the 
other populations may be limited. This is consistent with the observations from adult 
populations (Chapter 2). Additionally, Foret Nord is the only population to show higher 
levels of pairwise differentiation in seedlings than adults, suggesting that contemporary gene 
flow may be further restricted. This supports the prediction that Foret Nord is likely to be the 
most genetically isolated population. 
3.4.5 Conclusions 
This comparative study has demonstrated that seedling populations of the critically 
endangered Araucaria nemorosa do not show significantly different levels of genetic 
diversity to the common widespread sister species A. columnaris. However, seedlings do 
show significantly lower genetic diversity than adult populations. This provides evidence for 
population bottlenecks leading to genetic erosion in seedling populations as a consequence 
of fragmentation. The twofold increase in inbreeding in A. nemorosa seedlings overall 
provide strong evidence for the deleterious consequences of fragmentation. Restricted gene 
flow due to fragmentation may contribute to the elevated level of inbreeding in this 
endangered conifer. The remnant population Foret Nord is a case in point, where 
fragmentation may have important genetic consequences. 
A. nemorosa is facing a number of challenges as a direct result of human changes to 
its landscape. The results here provide some evidence that population genetic processes may 
be contributing to this species entering an 'extinction vortex'. However, in order to 
determine if these are 'real' contributing factors to population persistence it is necessary to 
place these results in an ecological context. Estimating the current effective population size, 
within population genetic structure, demography and seral stages of remnant populations will 
enable us to further explore the conservation genetic consequences of fragmentation in A. 
nemorosa. This is the subject of the following chapter. 
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Abstract 
A principle role of conservation biology is the identification of threats to a species. Both 
ecological and genetic factors can contribute to population or species extinction. Inbreeding 
with subsequent inbreeding depression and loss of genetic variation represent major genetic 
factors, which may compromise a species' ability to recover from stochastic demographic 
perturbation. Previous studies (Chapter 2 and 3) have demonstrated that Araucaria nemorosa 
seedlings show signs of population bottlenecks and elevated inbreeding. The present study 
adopted an integrated approach to place the genetic data in an ecological context and identify 
the cause of elevated inbreeding in A. nemorosa. Firstly, stand structure and reproductive 
characteristics of A. nemorosa were assessed to provide insight into their population 
dynamics. Secondly, ecological and genetic methods were used to investigate the 
consequences of fertility variance for breeding effective population size. Finally, within 
population genetic structure at seven microsatellite loci was assessed and the genetic 
neighbourhood estimated, while in six populations paired adult seedling genotypes were 
used to investigate mating behaviour. The populations of A. nemorosa vary in stand structure 
and the density and stand structure of coexisting angiosperm trees, indicating different seral 
stages. Populations Vane (N2) and Foret Nord (N6) are particularly dominated by 
angiosperm trees with only 24% of the basal area of Foret Nord represented by A. nemorosa. 
Cone production and seed set were generally low (22% of sexually mature trees bore cones) 
with a high variance, the seed set per cone ranged from zero to 35% (only 4.85% of seeds 
were filled per cone, C.V. 185%). Based on the fertility variance ecological estimates of the 
ratio of effective breeding population size to census size ranged from 0.07 in N7 to 0.21 in 
N6 with a mean of 0.12. Genetic estimates of NJN  ranged from 0.09 in N4 to 0.95 in N3 
with a mean of 0.49. Significant within population structure was observed in five of the six 
adult populations of A. nemorosa with genetic neighbourhood estimated at between 33 and 
107 individuals. On average 62% of seedling genotypes could not be explained by 
establishment below their maternal parent. Only two seedling genotypes could be explained 
by self-fertilisation, equating to a 6% selfing rate. This is considerably lower than estimates 
from inbreeding coefficients in seedlings of A. nemorosa (38%) and inconsistent with the 
observed elevated inbreeding. Significant local seed movement seems a likely explanation 
for why this method failed to detect higher numbers of self-fertilised seedlings. The results 
suggest that fertility variance and genetic structure are less important factors than self-
fertilization in explaining the high heterozygous deficit in seedlings. The consequences of 
population dynamics, fertility variance and genetic structure for population persistence are 
discussed, together with their implications for conservation management. 
MJFA 
chapter 4: Jflh!OdUCtW/1 
Jntegraiing ecological and genetic data To ini'esrigate ex/inclion threats in an 
endangered conifer 
4.1.0 Introduátion 
A principle role of conservation biology is the identification of 'real' threats to a 
species so that appropriate conservation management can be implemented. Both ecological 
and genetic factors can contribute to population or species extinction. However, the 
significance of genetic factors has long been a matter of controversy (Lande 1988; Caughley 
1994; Caro and Laurenson 1994; Frankham 2001; Spielman et al. 2004). Although 
inbreeding is known to lead to inbreeding depression (Charlesworth and Charlesworth 1987), 
and loss of genetic diversity reduces adaptive potential (Reed et al. 2003), formal links 
between these processes and extinction risk for wild populations have only been 
demonstrated in two studies (Newman and Pilson 1997; Saccheri etal. 1998). 
Ecological and demographic factors have traditionally been considered to be of more 
immediate significance than genetic factors for population viability. Small populations are 
more susceptible to stochastic processes (Lande 1988), fragmentation may disrupt critical 
life-history stages such as pollination and germination (Bruna and Kress 2002; Laurance et 
al. 2002; Benitez-Malvido and Martinez-Ramos 2003), and human induced changes to 
disturbance regimes such as fire frequency may alter vegetation dynamics. Under such 
conditions succession may lead to the replacement of rare species by later successional 
species and result in population extirpation. Studies that adopt an integrative approach are 
likely to lead to more effective conservation than those that consider only genetic or 
ecological factors (Keller and Waller 2002). The objective of this study is to apply an 
integrative genetic and ecological approach to identify the threats to conservation of a 
tropical conifer, Araucaria nemorosa that is endemic to New Caledonia. 
4.1.1 Study System 
A. nemorosa is considered to be the most threatened of the 13 New Caledonian endemic 
Araucaria (Monkey Puzzle) species and is critically endangered under IUCN classifications 
(Farjon and Page 1999). This species is found in only eight discrete populations in the 
extreme south of New Caledonia's main island Grand Terre in the region Port Boise (Fig. 
1.3) with an area of occupancy of 0.64 km 2 . New Caledonia has been considerably altered 
since the arrival of man Ca. 3500 years ago with over 50% of the original forest cover lost 
(Jaffré 1998). Although there is conservation concern, little is known about how well A. 
nemorosa can survive in its current conditions. Determining the factors that represent real 
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threats to its survival is a vital first step in the development of effective conservation 
strategies. 
4.1.2 Population dynamics in the Araucaria 
The Araucaria forests of Australasia have been described as 'a living fossil vegetation 
which is now being slowly swamped by the tide of broad-leaved forest' (Womersley 1958). 
The evolution of angiosperms and their increased abundance coupled with change to climate 
which is less favourable for the Araucaria are likely to play a key role in determining the 
genus's current restrict range (Kershaw 1974, 1976 and 1978 in Enright 1982a; Kershaw and 
Wagstaff 2001; Pye and Gadek 2004). In addition, increased fire frequency during the 
Holocene associated with human activity is likely to have been unfavourable for Araucaria 
(Kershaw and Wagstaff, 2001). While, from a historical perspective Araucaria can be 
viewed as being replaced by angiosperm species, the dynamics of existing populations are 
less well understood. 
Studies on several different Araucaria species, including one New Caledonian endemic 
(A. laubenfelsii) advocate a temporal stand replacement model to describe forest dynamics 
(Enright 1982a, 1982b, 1982c; Ogden and Stewart 1995; Enright et al. 1999). This model 
identifies infrequent landscape scale disturbance events (e.g. by fire), greater longevity of 
conifers compared to angiosperm tree species and declining opportunity for conifers to 
recruit in the absence of disturbance, as major determinants of the persistence of conifers in 
these mixed conifer-angiosperm forests (Enright et al. 1999). A. nemorosa is characteristic 
of other Araucaria in that it reaches its maximal growth as an emergent in dense evergreen 
rainforest (Morat et al. 1981). However, little is known about its population dynamics. 
Studies on the ecological status of A. nemorosa populations are therefore needed to provide 
insights into its population history and aid linkage of genetic and ecological information. The 
seral stage of populations may influence the density and abundance of reproductive adults of 
A. nemorosa that in turn may influence the breeding behaviour and seedling survival due to 
increased competition from angiosperm species (Enright 1992). Such factors may affect the 
viability of populations and therefore provide important information for conservation 
management. The first objective of this study was therefore to survey the age structure of the 
remaining populations of A. nemorosa to determine the seral stage of each and make 
inferences about the population dynamics of the species. 
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4.1.3 Reproductive traits and genetic resources in conifers 
The continued existence of the remaining populations of A. nemorosa is determined by 
their ability to produce viable seed. It is therefore vital to assess the reproductive potential of 
populations as part of a study of population threats. A reduction in seed production in small 
and isolated populations has been demonstrated in other studies (Mosseler et al. 2000). Low 
seed set has been reported in A. nemorosa (McCoy and Chauvin pers.comm. 2003) but there 
is a general lack of adequate benchmark information on the reproductive ecology of the New 
Caledonian Araucaria. The second objective of this study was therefore to quantify viable 
seed production in the remaining A. nemorosa populations by determining both the mean and 
variance in seed production by individuals. 
The effective population size (Ne) is the idealised number of individuals that has the 
same properties with respect to genetic drift, variance in allele frequencies or inbreeding as 
the census population size (Frankham et al. 2002). Ne is usually less than the census size (Al) 
because the number of breeding individuals is affected by unequal sex ratio, variable number 
in successive generations and high variation in family size (Frankham et al. 1995, 2002). 
This is an important measure because all of the adverse genetic consequences of small 
population size depend on N rather than the absolute number of individuals (Nunney, 2000; 
Frankham, 2003;Waples, 2005, Hedrick, 2005). It follows that absolute estimates of census 
population size have limited value for conservation genetics, the ratio of census to effective 
population size being more informative as it provides a measure of a population's genetic 
behaviour relative to that of an ideal populations. 
There are a number of different measures Of Ne depending on the method of estimation 
and the genetic factor of interest. This study is interested in the variance effective population 
size of breeding adults contributing to a single seed cohort. Large variance in fertility has 
been reported in many forest tree species (Bilir et al. 2003). This could have considerable 
consequences for the effective population size and the rate of lose of genetic diversity in 
A.nemorosa (Wright 1938; Frankham 1995; 2003). If only a fraction of individuals transmit 
their genes to the next generation this leads to erosion of genetic diversity. The third 
objective was therefore to use the data on variance in seed production to estimate its 
influence on reducing the variance effective size of the breeding population. As a 
comparison, the 'temporal method' or 'variance test' (Luikart et al. 1998) was also used to 
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calculate Ne/N. This method uses the change in allele frequency between generations to 
estimate Ne (Waples 1989). 
4.1.4 Inbreeding 
A previous study characterised the genetic diversity in adult populations of A. nemorosa 
and compared this to the more common congener A. columnaris using microsatellite markers 
(Chapter 3). The study demonstrated that despite its severely restricted and fragmented 
range, A. nemorosa adult populations have comparatively high levels of genetic diversity 
suggesting that this species was previously more widespread. Assessment of genetic 
diversity in seedling populations of A. nemorosa however, showed evidence of population 
bottlenecks and elevated inbreeding (Chapter 3). 
Two main processes could have led to this elevated inbreeding. The first is mating 
between relatives or bi-parental inbreeding. This is most likely where populations are highly 
genetically structured and related individuals are in close spatial proximity. The second 
explanation is that individuals are producing a high proportion of offspring by self-
fertilization. In order to determine which of these processes is the more important, two 
analyses were conducted using nuclear microsatellite markers previously developed for New 
Caledonian Araucaria (Robertson et al. 2004). Firstly, spatial genetic data from mapped 
adult trees was used to determine the extent of within population genetic structure, and hence 
the likelihood of bi-parental inbreeding. Secondly, analysis of the genotypes of seedlings and 
their adjacent adults were conducted to determine whether these seedlings represented selfed 
progeny of that tree. 
4.1.5 Objectives of study 
Ultimately this study aimed to identify the critical ecological and genetic factors that 
represent a threat to the future dynamics and genetic health of A. nemorosa. The objective 
was to determine whether this species really requires conservation management and if so 
what intervention or management strategies are necessary and should be adopted. In 
summary the three specific aims of this research were: 
To describe the stand structure in populations of A. nemorosa and infer the seral stage 
To characterise reproductive traits in A. nemorosa including cone production, seed set and 
variance in fertility and to estimate the variance effective population size with reference to 
cone production and seed set per tree. 
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3) To assess the genetic structure within adult and seedling populations of A. nemorosa to 
determine the genetic neighbourhood size and investigate mating behaviour and seed 
dispersal based on paired adult-seedling genotypes. 
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4.20 Materials and Methods 
4.21 Study Populations 
Araucaria nemorosa occurs in low altitude evergreen rainforest (Morat et al. 198 1) less than 
two kilometres inland in the extreme south east of New Caledonia. Eight populations of A. 
nemorosa have been located in total. The genetic diversity has been characterised in the 
adults and seedling from seven of the populations representing the species' total range 
(Chapter 2 and 3). The current study uses the genetic data (previously presented in Chapter 
3) from six of the populations NI- N6 to investigate spatial genetic structure within 
populations, and demographic data from survey plots located in populations Ni, N2, N3, N5, 
N6 and N7b to investigate population demographics (see Fig. 1.3). For full details of the 
study populations see Chapter 2 and 3. 
4.2.2 Population demographics and seed set in A. nemorosa 
Assessment of stand structure: Six populations of A. nemorosa were surveyed to assess 
stand structure, and infer their seral stage. During December 2002 to February 2003, two 20 
in x 20 in (0.04 Ha) survey plots were marked out in each of these populations (see Table 4.1 
and Fig. 2.1) and the location recorded with a GPS. The survey plots were pseudo-randomly 
located within populations with one plot in an area of high seedling density and another of 
low density. Within each survey plot all A. nemorosa trees > 2cm diameter at breast height 
(dbh) were recorded and the dbh measured. The number of A. nemorosa saplings> 50cm tall 
was also recorded. Within each survey plot the number of female cones and their age (first or 
second year) on each tree was recorded. 
To estimate the density of A. nemorosa seedlings, two randomly positioned 5 in x 5 in 
subplots were marked out within each survey plot and all seedlings (<2cm diameter and < 
50 cm in height) counted. In addition, all the angiosperm trees > 2cm dbh were measured 
and all angiosperm saplings > 50cm tall counted. This allowed comparison of the 
angiosperm/conifer composition between populations. 
Investigating seed set: In order to investigate seed set in A. nemorosa a total of 13 mature 
(second year) cones were collected from 4 populations during the coning season February 
2003 (see Table 4.1 and Figure 2.1). The cones were dissected and number of seeds per cone 
counted. To verify that seeds were filled, each seed had its wings removed and was floated in 
a basin of water for five minutes to separate the fertile from sterile seeds (in the absence of 
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an embryo the seed cavity is filled with air causing sterile seed to float). The number of 
fertile seeds per cone was counted and the seeds placed on tissue paper to dry prior to 
storage. Fertile seed was either sent to the nursery for germination as part of a provenance 
trial or stored in silica for subsequent genetic analysis. The mean, variance and coefficient of 
variation of percentage seed set per cone were calculated. 
4.2.3 DNA sampling, DNA isolation and nSSR loci analysis 
Sampling strategies, DNA isolation and microsatellite analysis are as described in Chapter 2 
and 3. Briefly needle material was collected from 40 adult trees and 40 seedlings from A. 
nemorosa in seven sample populations (Table 4.1 and Fig 2.1). The location of each sampled 
adult tree was recorded with a GPS. Seedlings were sampled below or as near as possible to 
each adult tree and the distance from the adult tree recorded. If seedlings were more than five 
metres from the adult tree their location was recorded with a GPS. Needle material was 
stored in silica gel prior to DNA isolation and screening for seven nSSR loci. 
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Table 41 Geographic location of A. nemorosa survey populations (SP) in New Caledonia, 
number of adults and seedlings screened with nuclear microsatellite loci (n) and the number 
of cones collected per population to investigate seed set. 
Population SP SP Grid reference Survey nSSRs Cones 
code name Area (UTM) population n collected 
(Ha) 
NI Kaanua 22.68 E702238 N7527025 Yes 40 1 
N2 Vane 15.72 E701315 N7526151 Yes 40 0 
N3 New Forest 15.20 E700673 N7525264 Yes 40 4 
N4 
Cap Reine 
4.60 E705049 N7528681 No 40 0 
Charlotte 
N5 Mini nuri 1.28 E701094 N7525919 Yes 40 6 
N6 Foret Nord 0.44 E696795 N7529590 Yes 40 0 
N7b Natasha's 1.48 E700753 N7527027 Yes N/A 2 
Species total 	 13 
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4.2-4 Statistical analysis 
Estimating effective population size, ecological approach: The demographic data was used 
to explore the effect of fertility variance on the ratio of NE/N and the implications of this for 
the Ne of adults contributing to the seed cohort for a single year. Mean cone production per 
tree for each population and mean seed set were used to calculate the mean, variance, S.D., 
and coefficient of variation (CV), for number of progeny per tree within each population. 
Since the exact census size (A/) is unknown for the A. nemorosa populations, values of N 
ranging from the lowest estimated genetic neighbourhood Nb (derived from this study) to the 
largest estimated value of the number of adults (Na), were used to estimate Ne . The number of 
reproductive adults is calculated as: Na = d x population area, were d is the density of stems> 
15cm dbh per Ha. 
The effective population size (Ne) of each of these populations was calculated using 
the formula: 	Ne  = (Nivk— 1)/(Jrk+((Y 2k/irk)- 1) 
Here Ni = the census population size of reproductive adults, 7rk1 = the mean number of 
progeny from the population and c32k1 = variance of progeny number per individual. This 
equation is derived from Lande and Barrowclough (1987) who showed that demographic 
data on variance in progeny number can be used to estimate the Ne of males and females in a 
population. Because data on the number of male cones produced by individuals of A. 
nemorosa was not available this estimate of N only considers the variance in female cone 
and seed production. 
Genetic approach: As a comparison with the ecological approach, the 'temporal method' or 
'variance test' estimate was used (Waples 1989, Luikart et a!, 1998) based on the 
standardized variance in the allele frequencies (F). The change in standardized variance in 
the allele frequencies (Fk) for each microsatellite locus (k) between adults and seedlings was 
calculated following the equation in Pollock (1983): 
I 
1 	K 	 2 (Xi 
 = 	K - 1 L1 ((Xi + y 1)/2) 
1=1 
where K is the number of alleles, x 1 and y, are the frequency of the ith allele in the first and 
second sample, in this case the adults and seedlings respectively. 
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Fk was then averaged across all loci. The estimate of variance effective size Ne WS 





where t is the number of generations between the two samples, in this case a single 
generation t = 1, S, and So was the sample size of the seedling cohort and the adult trees 
respectively and N is the adult population census size at time zero. Again here we used a 
range of values ofNto explore the ratio of N,/N. 
Organisation of genetic variation within populations: The software SPAGeDi (Hardy and 
Vekemans 2002) was used to investigate genetic structure within populations of adult trees 
inferred from the seven microsatellite loci. The single and multilocus kinship coefficients F 
(Loiselle et al. 1995) were calculated between all pairs of individuals. This is defined for 
each allele k and each pair of individuals, i and], as F ij = (p - p) (p, - p) / (p(1 - p)) + 1/(2n- 1) 
where p, and pj  are the allele frequencies of i and j respectively (taking the following 
possible values; 0, 0.5, 1), p  is the average allele frequency over the reference population, 
and n is the sample size used to estimate p. Mantel tests using 10000 permutations were used 
to test the significance of the correlations between the multilocus F and spatial distance. 
Distance classes ranged from 25 in to 300 in at 25 in intervals. The extent of gene dispersal 
was estimated as Nb = -(1-F1s)/ biog, (Heuertz et al. 2001) where Nb can be interpreted as an 
estimate of Wright's neighbourhood size and biog is the slope of the regression of pair wise 
kinship coefficient against the logarithm of spatial distance. 
To further explore causes of the elevated inbreeding coefficient in A. nemorosa seedlings, 
the paired seedling-adult multilocus genotypes were analysed to infer the proportion of 
seedlings which could have been the offspring of the paired adult. Because the samples of 
adult trees were not exhaustive, and sampling seeds from known mother trees was 
impossible, conventional parentage analysis could not be used. As a simple alternative a 
deductive approach was used where the paired seedling-adult genotypes were screened 
manually to determine if either out crossing or self-fertilisation of the paired adult could 
explain each seedling genotype. This method assumed that if the seedling did not share at 
least one allele with the adult tree at all loci then this could not be the result of an out-
crossing event with the nearest adult. If the seedling did not share all alleles in common with 
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the adult then it could not have been the product of self-fertilisation. This approach was used 
to screen all the adult-seedling pairs from six populations NI -N6 (Figure 2.1). 
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4.3.0 Results 
4.3.1 Population dynamics and reproductive status in Araucaria nemorosa 
Stand structure: The six survey populations of A. nemorosa varied in stand structure as 
illustrated by size frequency distributions for both A. nemorosa and angiosperm trees (Fig 
4.1). Stand N3 (New Forest) was strongly dominated by A. nemorosa with the highest A. 
nemorosa basal area at 24.14 m 2 per ha, and a density of 787 stems/ha> 5cm DBH (of which 
675 were> 10cm DBH), with 77% of the stand total basal area dominated by A. nemorosa 
(Table 4.2). This stand has the lowest angiosperm basal area at just 7.17 m 2 per ha and fewer. 
large size class trees (Fig 4.1). 
Stands NI, N5 and N7b all exhibited intermediate densities of A. nemorosa with 
around half of their basal area represented by A. nemorosa trees (Table 4.2) These three 
stands also lacked large size classes in conifers and angiosperms and with the exception of 
NI have high A. nemorosa seedling densities and high frequencies of sapling and pole stage 
trees (Fig 4.1 and Table 4.2). 
Population N2 (Vane) and N6 (Foret Nord) were both dominated by angiosperms. In 
N2 only 30% of the basal area was represented by A. nemorosa (Table 3.1.1). This 
population had the largest individuals of A. nemorosa and angiosperm trees of all the 
surveyed populations (Fig 4.1 and Table 4.2), including the largest recorded A. nemorosa 
tree at 61.5 cm DBH and the largest angiosperm tree (DBH 3 1.5cm). Vane had a basal area 
of 15.59 m2 per ha of A. nemorosa and a density of 163 stems/ha > 5cm DBH, in a 
population with total basal area of 51.66 m2 per ha (Table 4.2). It had the highest seedling 
density at 37,300 seedlings per ha (Table 3.1.1) but an absence of midrange size class trees 
(15-30 cm dbh) (Fig 4.1). 
Forest Nord (N6) was the smallest and most isolated population and had the highest 
basal area of angiosperms at 45.96 m 2 per ha compared to 15.09 m 2 per ha of A. nemorosa 
(only 25% of the population total basal area; Table 4.2). Angiosperm seedling density was 
more than double any other stand while A. nemorosa seedling density was more than three 
times lower than the next lowest population. 
Female cone production: There was a high variance in female cone production between 
individuals in A. nemorosa. The total number of female cones per tree ranged from zero to 
13 with the largest number of second year cones observed on an individual tree being nine. 
Over all the survey plots (and all observed cone bearing trees) the smallest tree to bear 
female cones was 16cm DBH. 
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Figure 4.iSize frequency distribution of saplings and trees for Araucaria nemorosa and 
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This was taken to be the minimum size class capable of female cone production. The mean 
number of second year cones per tree ranged from zero (in size classes> 50 cm dbh) to 2.22 
cones per tree (in size class 20-25 cm dbh) although there was no significant difference 
between size classes in cone production (Table 4.3). It was often very difficult to see cones 
in the largest size class trees and this must be noted as a potential bias. 
Cone production in A. nemorosa was generally very low with a high proportion of 
adult trees not bearing female cones (Table 4.4). Based on the assumption that all trees 
greater than 15 cm (dbh) were sexually mature, the percentage of sexually mature trees 
within plots bearing female cones ranged from 13% in N7 to 45% in N6 with an average of 
only 22% over all populations. On average, only 17% of putative sexually mature trees had 
second year cones in the year of observation. Between populations the mean number of 
second year cones per tree ranged from 0.18 in N  to 1.36 in N6 (Table 4.4). 
Seed set: Seed set was generally very low in A. nemorosa with a high variance between 
cones. Of 4469 seeds tested only 219 of these seeds were found to be potentially fertile (see 
Table 4.4). The number of filled seeds per cone ranged from zero to 125, which equates to a 
percentage seed set per cone ranging from zero to 35%. The mean percentage seed set over 
all cones was 4.85% with a coefficient of variation of 185% demonstrating the very high 
variance between individuals in viable seed production. 
4.3.2 Estimates of fertility variance and NJN 
Ecological estimates: Mean number of progeny per adult individual ranged from 2.84 in N  
to 21.33 in N6, coefficient of variation ranged from 198% in N6 to 356% in N7 (Table 4.5). 
Based on these estimates of fertility variance the ratio of NJN  varied from 0.07 in N7 to 0.21 
in N6 with a mean of 0.12 (Table 4.6). The implications of this for effective population size 
are illustrated in Fig. 4.2. 
Genetic estimates: Estimated values of effective population size based on Waples (1989) 
temporal approach are illustrated in Fig. 4.3. Four of the A. nemorosa populations reached an 
asymptote for N. These were 36, 29, 20 and 6 in Ni, N6, N4 and N7 respectively. Using the 
genetic neighbourhood (as defined from within population structure) to define population 
census size the ratio NIN ranged from 0.09 in N4 to 0.95 in N3 see Table 4.7. 
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Table 4.2 Demographic data from remnant populations of A. nemorosa based upon six survey populations including seedling density, mean DBH of 
trees more than 2cm dbh, stem density of trees per hectare more than 5 cm dbh and 15 cm dbh and basal area per hectare of both A. nemorosa and 
angiosperm tree species. 
seedling Mean DBH cm Stem density per ha Stem density per ha Basal area 
density per ha (>2cm) (>5cm DBH) (>15cm DBH) m2 ha 
¼ 










Ni 1600 13100 14.90 (24.9) 3.64 263 	50 138 	0 7.70 9.35 17.05 45.16 
N2 37300 17500 25.60 (41) 7.87 163 113 88 50 15.59 36.26 51.66 29.80 
N3 9100 13400 18.43 (33) 6.73 788 	50 463 	13 24.14 7.19 31.33 77.05 
N5 18500 13800 12.94 (26) 6.34 450 188 275 25 13.46 18.79 32.25 41.73 
N6 500 45200 17.12 (30.7) 6.16 225 	275 138 	38 15.09 45.96 61.05 24.72 
N7b 27000 18700 18.42 (20.3) 4.63 600 188 288 0 14.78 16.13 30.92 47.82 
mean 15667 20283 17.90 (28.3) 5.90 415 	144 231 	21 15.10 22.28 37.38 44.38 
values in brackets are mean DBH of adult trees (>10cm DBH) sampled for DNA 
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Table 4.3 Cone production in remnant populations of A. nemorosa based upon counts of number of second year cones in survey plots, estimated mean 
number of second year cones per tree (nct) on trees> 15cm dbh (nb) per age class and population. 
Age Classes 
Population 15-20cm 20-25cm 25-30cm 30-35cm 35-40cm 40-45cm 45-50cm 50-55cm 55-60cm 60+cm sum nb mean nct 
NI 2 0 0 0 0 0 0 0 0 0 2 11 0.18 (0.36) 
N2 0 0 0 0 0 0 7 0 0 0 7 7 1.00(6) 
N3 2 4 0 0 0 3 0 0 0 0 9 37 0.24 (0.58) 
N5 0 8 7 0 0 0 0 0 0 0 15 22 0.68 (3.27) 
N6 0 0 0 2 1 9 3 0 0 0 15 11 1.36(7.25) 
N7 0 8 1 2 0 0 0 0 0 0 11 23 0.48 (2.90) 
sum 4 20 8 4 1 12 10 0 0 0 59 111 0.53 
nb 32 34 21 11 4 3 3 1 1 1 lii 
mean nct 0.13 0.59 0.38 0.36 0.25 4.00 3.33 0.00 0.00 0.00 
Values in parenthesis are variances. 
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Table 4.4 Seed production and seed set from A. nemorosa, including mean number of seeds 
per cone, filled seeds per cone and percentage seed set per cone with standard error (S.E) and 
coefficient of variation (C.V), N/A = not applicable as not a complete cone. 
Population Individual No of Filled % seed 
Code mother N° of cones seeds per seeds per set per 
name tree Per tree cone cone cone 
N3 NA09 1 357 125 35.01 
N3 NA28 1 395 15 3.80 
N3 NA32 N/A 64 3 4.69 
N3 NA39 1 292 24 8.22 
N3 CN106 1 279 12 4.30 
NI CN105 1 422 13 3.08 
N5 CN101 284 5 1.76 
N5 CN101 2 282 2 0.71 
N5 CN102 1 345 1 0.29 
N5 CN103 1 313 4 1.28 
N5 CNI04 315 2 0.63 
N5 CNI04 2 306 12 3.92 
N7b NA24 410 0 0.00 
N7b NA24 2 405 1 0.25 
Total 13 4469 219 
mean 319.2 15.64 4.85 
S.E 23.9 8.62 2.4 
C.V 28.07 206.14 185.12 
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Table 4.5 Summary table of cone production and estimated seed set per reproductive age individuals in survey plots of A. nernorosa. 
Number 
of trees 	Observed Estimated mean seed set per 
>15cm number of 	Observed number of 	% of potential cone 	
% of potential cone 	individual based upon 
Population 	dbh in 	trees with trees with 2 d  year cones bearing trees with cones 
bearing trees with 2nd observations of cone presence 
year cones observed 
survey cones - an 	SU set. 
plot 
NI 11 3 1 27.3 9.1 2.84 (88.95) 
N2 7 1 1 14.3 4.8 15.64 (1712.27) 
N3 37 5 4 13.5 10.8 3.80 (141.40) 
N5 22 4 4 18.2 18.2 10.66 (801.07) 
N6 11 5 5 45.5 45.5 21.33 (1774.53) 
N7a 23 3 3 13.0 13.0 7.48 (708.69) 
mean 18.5 3.5 3 22.0 16.9 	- 10.29 
Values in parenthesis are variance. 
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Table 4.6 Ecological estimates of fertility variance and the ratio of effective population size 
to census populations in six survey populations of A. nemorosa, mean number of progeny 
per individual (K), variance and coefficient of variation (C.V). 
Population Area ha mean K variance C.V Ne /N 
Ni 22.68 2.84 88.95 331.66% 0.09 
N2 15.72 15.64 1712.27 264.58% 0.13 
N3 15.20 3.80 141.40 312.57% 0.10 
N5 1.28 10.66 801.07 265.42% 0.13 
N6 0.44 21.33 1774.53 197.52% 0.21 
N7 1.48 7.48 708.69 355.90% 0.07 
mean 	9.47 	10.29 	871.15 	272.95% 	0.12 
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4.3.3 Assessment of intra population genetic structure 
Within population structure: In six populations of A. nemorosa, the relationship between 
the pairwise kinship coefficients between individuals and the logarithm of spatial distance 
was analysed with a Mantel test. Significant correlations (p < 0.05) were obtained in A. 
nemorosa adult populations NI, N3, N4, N5 and N6 and seedling populations NI, N2 and 
N5 (see Table 4.8). The values of the regression slopes (bug) were negative in all of these 
except N5 adults, indicating that individuals spatially closer together on average had a higher 
probability of being genetically related than individuals that were more distal (see Fig. 4.4). 
The multilocus estimates of neighbourhood size based on b g values ranged from 33 to 107 
(Table 4.8), this indicates that on average, 86.5% of mating occurs within neighbourhoods of 
between 33 and 107 individuals of A. nemorosa. In seedling populations neighbourhood 
sizes ranged from 32 to 82 individuals (Table 4.8). 
Paired seedling-adult genotypes: To investigate the possible role of selfing to contribute to 
the high seedling heterozygote deficit, paired adult and seedling genotypes were compared. 
On average 62% of the seedlings sampled below paired adult trees could not have been the 
offspring of that tree with a population range of 53% -78% (Table 4.9). Of the seedlings that 
could be offspring from the nearest adult tree (total 89 seedlings) only two of these seedlings 
(2.5%) could have been the result of self-fertilisation. One was located in N5 and one in N6. 
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Figure. 4.2 Estimates of Ne  based on ecological data on fertility variance from six populations of A. nemorosa using 
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Figure 4.3. Genetic estimates of Ne based on changes in allele frequencies for seven populations of A. nemorosa using 
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Table 4.7 Genetic estimates of the ratio of variance effective population to census 
population size in populations of A. nemorosa, using genetic neighbourhood Nb as a 
surrogate for census population size. 
Population Nb Ne/Nb 
NI 33 0.35 
N2 N/A N/A 
N3 107 0.95 
N4 63 0.19 
N5 8 0.52 
N6 43 0.28 
N7 N/A N/A 
Using the genetic approach to estimate Ne the following populations rose to a max N. thenwent 
negative. 
N2 Ne/N ratio is 1 at N=641 and goes negative at N= 1280 
N3 Ne/N ratio is 1 at N=I 13 and goes negative at N= 225 
N5 Ne/N ratio is 1 at N1 07 and goes negative at N= 213 
Table 4.8 Genetic Neighbourhood size (Nb) in A. nemorosa populations estimated from the 
slope (biog) of the regression of pair wise kinship coefficient against the logarithm of spatial 
distance. P-values correspond to the significance level of the Mantel test after 10000 
permutations. *NC  indicates not calculated because the Mantel test was not significant. 
Population Pairs of 
individuals b g P-value Nb 
Adults 	Ni 780 -0.0266 0.000 32.5 
N2 780 0.0002 0.918 NC 
N3 780 -0.0088 0.025 106.7 
N4 780 -0.0133 0.000 63.0 
N5 779 0.1091 0.000 -8.0 
N6 190 -0.0233 0.029 42.6 
Seedlings 
NI 780 -0.0174 0.003 46.3 
N2 351 -0.0099 0.005 82.2 
N3 764 0.0002 0.992 NC 
N4 739 -0.0047 0.081 NC 
N5 773 -0.0272 0.000 31.6 
N6 190 -0.0119 0.127 NC 
Figure. 4.4. Average kinship coefficients between pairs of individuals within each of 12 








Chapter 4. Results 
Integrating ecological and genetic data to investigate extinction threats in an 
endangered confer 






Chapter 4. Results 
Integrating ecological and genetic data to investigate extinction threats in an 
endangered conifer 
Table 4.9 Results of paired seeding-adult genotypes of A. nemorosa including the number of 
genotype pairs (n), the number of seedlings that could not be explained as offspring of the 
nearest adult (N), and number of seedling genotypes that could be explained by self 
fertilisation in the nearest adult (S). 
Population n N0IVA NOATA % S 
NI 40 23 57.5 0 
N2 32 25 78.1 0 
N3 40 24 60.0 0 
N4 40 23 57.5 0 
N5 40 21 52.5 1 
N6 40 27 67.5 1 
mean 	 23.83 	62.19 
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4.4.0 Discussion 
4.4.1 Stand structure in remnant populations of A. nemorosa 
The stand structure observed in populations of A. nemorosa suggest that they represent 
different stages of stand development as a result of contrasting population history and 
disturbance (Ogden and Stewart 1995). These can be separated into early mid and late sera] 
stages. 
Population New Forest (N3) appears to be in an early seral stage. The high density of A. 
nemorosa compared to angiosperm trees suggest that a large-scale disturbance event may 
have occurred relatively recently in this area (e.g. wind or fire). Consequently suitable 
conditions have been provided for regeneration of A. nemorosa. The high densities of pole 
and mid-range size classes and lack of the largest size class trees support this hypothesis. 
Populations Ni, N5 and N7 appear to be in a mid successional phase. With the 
exception ofNl they have high seedling density and all have relatively high densities of pole 
stage and small size class trees. The intermediate values for basal areas of angiosperms 
compared to A. nemorosa support this idea. Whether these populations represent fragments 
of previously more continuous forest or have colonised disturbed areas is difficult to know. 
The proximity of these stands to roads and settlements, the lack of large trees and some 
evidence of logging (pers. obs. 2003) suggest that these populations have been degraded. It 
is possible that population Mini Nun (N5) previously formed part of a larger continuous 
forest with Vane (N2). 
Populations Vane (N2) and Foret Nord (N6) are representative of late seral stages. Both 
are dominated by angiosperm species and have a deficiency of mid range size classes 
indicating limited recruitment. The high angiosperm seedling and tree density and frequency 
of large size class A. nemorosa in these stands further support this hypothesis. The high 
seedling density observed in Vane may be an indication that a recent disturbance, such as 
blow down or fire has created an opportunity for regeneration at this site. However, without 
long-term tree mortality data it is difficult to predict whether these individuals will go on to 
survive to the pole stage. In A. hunsteinnii a mean mortality rate of 1% per year was recorded 
for stems> 10cm DBH, but mortality was considerably higher in individuals < 10cm DBH 
(Enright 1982) this implies that seedling mortality is likely to be high in A. nemorosa. 
The high density of angiosperm trees is particularly marked in Foret Nord where 
angiosperm basal area is four times that of any other population. The extremely low seedling 
density suggests that this population may be especially vulnerable to the consequences of 
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succession. Periodic disturbance is likely to be very important in providing regeneration 
niches for A. nemorosa. This has been observed in other tropical conifers (Rigg 1998; 
Enright et al. 1999; Rigg 2005). The absence of such disturbance or the lack of other suitable 
habitat for A. nemorosa to colonise may be critical to its survival. 
The long time frame over which forest dynamics operate and the intrinsic heterogeneity 
of the landscape where A. nemorosa is found make interpretation of a single snap shot in 
time limited and this must be noted as a caveat. However, this study highlights some of the 
key stand attributes that may influence population viability. Management strategies will need 
to consider the temporal as well as the spatial dynamics of remnant populations, for effective 
conservation. A case in point is Foret Nord. Population augmentation by planting at this site 
may be ineffective without management of the angiosperm species. Providing a disturbance 
event such as thinning angiosperm trees may be required to release the A. nemorosa 
seedlings and saplings from competition. Intense competition for scarce resources among 
saplings may lead to sapling death in below-canopy locations and is thought to be a powerful 
force in the population ecology of A. laubenfelsii and A. montana (Rigg 2005). Seedling 
mortality may be especially high in Foret Nord. In this respect seedlings represent a wasted 
genetic resource. 
An appreciation of the stand dynamics in A. nemorosa is crucial for interpretation of 
genetic information. This will be discussed in detail later but briefly, the contrasting mode of 
regeneration within populations is likely to have consequences for within population genetic 
structure (Ennos 2001). In senescing stands, limited numbers of parents may contribute to 
the seedlings within regeneration gaps, increasing the relatedness between individuals 
(Epperson and Alvarez-Buylla 1997). In contrast, landscape scale disturbance may lead to 
regeneration where the seedling cohort is likely to be based upon a more heterogeneous seed 
supply, leading to less spatial genetic structure in early seral stages. 
4.4.2 Fertility variance and seed set in A. nemorosa 
Female cone production and seed set are both very low in A. nemorosa but also have a 
high variance between individuals. It has been reported that usually 10% to 40% of seeds are 
empty in conifer cones (Sorensen and Webber 1997); in A. nemorosa seed set is considerably 
lower with an average of 95% seeds empty per cone. This is similar to observations of seed 
viability in the rare Wollemia pine (Wollemia nobilis) recorded over 4 years, which on 
average had less than 11% viable seeds per cone (Offord et al. 1999). Offord et al. (1999) 
suggest pollen limitation may be a cause of the low seed set in W. nobilis. An alternative 
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explanation for low seed set is embryo abortion due to inbreeding depression or self-
incompatibility. Severe inbreeding depression at the embryo stage is thought to be common 
in conifer species (Muona and Harju 1989, Hedrick, 1999). Evidence from controlled 
pollination experiments suggests that expression of deleterious recessives due to selfing is 
responsible for 80% to 96% of empty seeds (Fowler and Park 1983). The availability of 
viable pollen may be reduced as a consequence of increased levels of isolation between 
fertile individuals. Degradation and exploitation of tree populations have been demonstrated 
to increase the level of self-fertilisation in angiopserm species (Murawski et al. 1994) and 
other conifers (Zheng and Ennos 1997). 
In addition, pollination could be disrupted by pollen from a congener. It has been 
observed in other species of conifer that pollination by a congener leads to formation of 
empty seeds (Robledo-Arnuncio and Gil, 2004), presumable by blocking the stigmatic 
surface with incompatible pollen. This seems a very possible scenario for A. nemorosa 
whose remnant populations are sympatric with very dense populations of A. columnaris, 
which are likely to contribute significantly to the pollen cloud. Such processes could also 
lead to introgressive hybridisation in A. nemorosa populations closely associated with A. 
columnaris. Indeed, the sighting of an individual with typical A. nemorosa pollen cone 
morphology and the branch and leaf morphology of A. columnaris has been reported (Waters 
et al. 2002). This could lead to the convergence of allele frequencies between the two 
species. 
This study indicates that seed set is limited in A. nemorosa and could considerably 
effect population viability. However, one caveat is that the seed set data is based on 
observations from a single season. There may be considerable variation in seed set from year 
to year in A. nemorosa. Indeed, studies from other New Caledonian Araucaria (A. 
laubenfelsii) have identified masting as the mode of seed production (Rigg 1999). 
Furthermore, Agathis ausiralis has been observed to have a greater proportion of viable 
seeds every third year (Morrison and Lloyd, 1972). 
4.4.3 NJN ratios in A. nemorosa 
The ecological estimates of NJN  based on variance in seed production suggest the 
proportion of maternal trees contributing to the to the seed cohort for 2003 in the survey 
populations of A. nemorosa was between 7% and 20% with a mean of 12% over all 
populations. A meta analysis of the effective population size of wild populations from 
Frankham (1995) demonstrated that on average the ratio of NJN  was about 11%. This data 
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was based on a range of methods for estimating Ne but this was not found to be a significant 
variable accounting for differences between studies (Frankham 1995). The observations here 
are also similar to Picea glauca with an NC/N ratio of 19% (Brown and Schoen 1992) based 
on analysis of allele frequency and male reproductive success in clonal seed orchards. It 
should be emphasised that the ecological estimates of NC/N based on variance in seed 
production only represents the maternal contribution to the total breeding population. While 
this provided some useful insights it is thus likely to be under estimate of the true effective 
population. Coupled with the fact that the true census population size is unknown the 
ecological estimates should be treated with caution. Initial field observations suggest that 
male cone production is relatively uniform in A. nemorosa (pers. obs. 2003). However, male 
fertility is expected to have a high variance in conifers (Schoen and Stewart 1987). Therefore 
male gamete variance is likely to have considerable influence on effective population size 
and warrants investigation. 
The ratio of Ne/N from genetic estimates, where neighbourhood size is used as a 
surrogate for N, varies between populations but is consistently greater than the ecological 
estimates. In contrast to the ecological approach, which is based on a single bout of 
reproduction, the seedling population genotypes represent several years of reproduction as 
the sampled seedling almost certainly include a range of ages. This will have the effect of 
increasing the effective population size, as presumably more individuals both paternal and 
maternal will have contributed gametes to the seedling population. This should provide a 
more realistic estimate of Ne/N of the breeding effective population size as it is not based 
solely on a single season of reproduction of which our seed sample may be atypical. It is 
noteworthy that the largest NC/N ratio was observed in New Forest (N3), which is in an early 
seral stage and has the highest density of reproductive adult trees. 
This supports the hypothesis that early seral stage populations are less susceptible to 
genetic problems. Negative estimates of N for populations N2, N3 and N5 result from 
alleles being present in the second sample that were not present in the initial sample allele 
frequency. One explanation for this is that these populations are subject to immigration 
(Wang pers. comm. 2005) the seedling population allele frequencies include alleles not 
present in the adult population the result of gene flow. The temporal model for estimating Ne 
assumes that study populations are independent of immigration. Immigration has the effect 
of altering the population allele frequencies in addition to the effects of drift, thus violating 
the assumption of the model (Wang and Whitlock 2003). This idea is supported by the fact 
that negative estimates were not observed for populations Ni, N4, N6, and N7 and that these 
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are all more geographically isolated populations that may be more likely to function as 
independent populations, at least in the more contemporary time scale. 
The exploration of Ne/N for A. nemorosa using these contrasting approaches indicates 
that maternal fertility variance may have a significant impact on effective breeding 
population size over a single season. However, this will probably be relatively 
inconsequential when dissipated over several seasons. It is not expected to be an explanatory 
factor of the observed elevated levels of inbreeding in seedling populations of A. nemorosa. 
However under extreme cases of small population size where the number of breeding 
individuals in the census population is already low, this may contribute to elevated levels of 
inbreeding, Foret Nord being a case in point. Elevated inbreeding and consequentially 
inbreeding depression, coupled with competition for scarce resources where angiosperm tree 
density is high, could push such a population toward extinction. 
A second scenario under which a large fertility variance may be especially relevant is 
during the sampling of seeds for restoration, as this has the potential to cause a cryptic 
genetic bottleneck (Luikart et al. 1998) especially if a new population was established from 
seed collected over only a single season. 
4.3 Within population genetic structure 
Significant levels of genetic structure were detected within populations of A. nemorosa, 
which are consistent with a model of isolation by distance. The results suggest that the 
majority of gene dispersal in A. nemorosa occurs within neighbourhood areas (computed as 
Nb/d where d is the population density of adults), which range from 0.23 ha in N3 to 0.31 ha 
in N6. This goes against the conventional view that wind pollinated and wind dispersed 
conifer species in continuous populations are panmictic (Hamrick and Godt 1992). 
Isolation by distance within populations has been observed in temperate angiosperms 
including ash (Fraxinus excelsior; Heuertz et al. 2001), a number of oak species (Quercus 
spp. Le Corre et al. 1998; Streiff et al. 1999; Dutech et al. 2005) and sugar maple (Acer 
saccharum; Perry and Knowles 1991). The common ash and sugar maple studies both 
obtained neighbourhood estimates similar to those observed in A. nemorosa ranging from 38 
to 66 (Heuertz etal. 200 1) and 29 to 59 individuals respectively (Perry and Knowles 1991). 
In contrast, oak species estimates range from 3000 to 4000 trees with an area ranging from 
12 to 20 ha (Le Corre et al. 1998). Extensive pollen flow and longer distance seed movement 
in oak species are likely explanations for the large difference between these species 
estimates. A combination of mammal and avian dispersers are also thought to mediate gene 
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flow in oaks (Dutech et al. 2005). The effective neighbourhood sizes observed in A. 
nemorosa are not exceptionally small and while the genetic structure provides some 
explanation for inbreeding this seems an inadequate explanation for the elevated inbreeding 
observed in seedlings. 
Field observations of seed dispersal in A. nemorosa suggest that the majority of seed 
falls in the immediate area of the canopy. However, on average over 60% of the seedling 
genotypes could not be explained by establishment below maternal parents. It is notable that 
the highest proportions of non-maternal seedlings were observed in the two late sera] stage 
populations, which have the lowest densities of A. nemorosa (N6 and N2). One explanation 
of this is that the availability of a regeneration niche is more important than dispersal at 
determining genetic structure in late seral stage populations. For example, even if the 
majority of seeds fall below the maternal parent in a given year the conditions under that tree 
may not be favourable for recruitment. Of all the adult seedling pairs, only two of the 
seedling genotypes could be explained by self-fertilisation when paired with the nearest 
adult. If a maximum of 40% of seeds establish under their own mother's canopy, this equates 
to a minimum selfmg rate of only 2.5% / 0.4 which is 6.25% selfing rate. This is 
considerably lower than estimates from inbreeding coefficients in seedlings of A. nemorosa 
(38%) and inconsistent with the observed elevated inbreeding (Chapter 3). One interpretation 
of this is that there is a high level of self-fertilisation but also significant local seed 
movement. Alternatively, seed movement may be limited but bi-parental inbreeding high. 
Although these two hypotheses are not mutually exclusive the seed movement indicated by 
the paired seedling-adult genotypes supports the former. It is noteworthy that the two 
seedling genotypes explained by selfing were observed in the two smallest A. nemorosa 
populations. 
4.5 Conclusions 
This study investigated how succession, within population genetic structure and mating 
system can all interact to affect population persistence. The small isolated population Foret 
Nord (N6) provides a case in point where succession coupled with increased self-fertilisation 
may be threatening the population with extinction. 
The high variance in female fertility observed in A. nemorosa will have a direct effect 
on the level of relatedness and thus inbreeding of seedlings in each generation. This is 
however, unlikely to be significant over the generation time of a long-lived conifer species 
such as A. nemorosa. Inbreeding will be rapidly counteracted by a heavy seed crop or mast 
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year. Effective population size is probably somewhat independent of census size in long-
lived organisms with overlapping generations such as A. nemorosa. Even so, increased self-
fertilisation within remnant populations of A. nemorosa is the likely cause of the observed 
elevated levels of inbreeding in seedlings. The coupling of these genetic and ecological 
processes could contribute to populations becoming extirpated. Foret Nord is an instance of a 
population where urgent management is required to mitigate these threats. This population is 
geographically isolated from other A. nemorosa populations, shows genetic differentiation 
(Chapter 2 and 3) and represents a unique inland population. Conservation of this population 
should be prioritised as not only is it the most vulnerable population but it is also a 
significant conservation and management unit Re-stocking of this population and 
establishment of new populations locally will clearly be desirable. Establishing effective 
strategies for collecting germplasm for such restoration is critical, and provides the subject of 
the next chapter. 
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Abstract 
The long-term success of any forest restoration programme depends on the planting stock 
being free from inbreeding depression and having a sufficiently wide genetic base to enable 
it to adapt to future environmental change. Previous studies have demonstrated that remnant 
populations of the New Caledonian endemic conifer Araucaria nemorosa are subject to 
elevated levels of inbreeding as a consequences of fragmentation (Chapter 3) and that high 
fertility variance may lead to few individuals contributing to the seed cohort in any one year 
with the potential to cause a genetic bottleneck (Chapter 4). This study assesses the genetic 
diversity at seven nuclear microsatellite loci in planting stock of A. nemorosa from two 
independent nurseries (NR 1 and NR6). Genetic variation and allele frequencies in nursery 
stock were compared to wild seedlings and adult source populations to investigate the 
potential for cryptic genetic bottlenecks in seed collection. Nursery lot NIR 1 had significantly 
reduced allelic diversity and gene diversity (A = 2.81; H =0.46) compared to wild seedlings 
(A = 8.83; I-Is = 0.71) and adults (A c = 9.53; H =0.72) from source populations, P<0.01. 
Estimates of effective population size range from one to six in nursery seedlings compared to 
29 - 37 in wild seedlings. In nursery lot NR, 6 the inbreeding coefficient (F15= 0.282) was 
significantly higher than that observed in wild seedlings (F1s 0.173) and adults (F15 0.009). 
Surprisingly, the software BOTTLENECK failed to detect signs of a genetic bottleneck in 
either nursery lot, although distribution of allele frequency classes exhibit a mode shift in 
nursery lot NR 1 . The results indicate that Nursery lot NR 1 has experienced an extreme 
genetic bottleneck while lot NR 6 shows signs of elevated inbreeding. The different sampling 
strategies employed by the nurseries combined with high fertility variance are likely 
explanation for the different results. It is concluded that the best method of establishing 
planting stock of A. nemorosa for restoration is sampling wild seedlings directly from the 
forest floor and rearing these in the nursery. This will result in the most genetically diverse 
planting stock and limit the number of inbred individuals. 
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5.1.0 Introduction 
The long-term success of reforestation programmes depend on the plant material used being 
free from inbreeding depression and having a sufficiently wide genetic base to adapt to 
future environmental change. Establishing management systems, which avoid inbred 
material and ensure the maintenance of genetic variation in planting stock, is thus 
fundamental to effective restoration. If a population is established from genetically 
depauperate or inbred nursery stock, inbreeding depression may ensue, leading to a reduction 
in seed set, vigour and survival (Charlesworth and Charlesworth 1987). Populations that 
have experienced an extreme reduction in size or 'bottleneck' are especially vulnerable to 
inbreeding, loss of genetic variation and fixation of mildly deleterious alleles; which erodes 
evolutionary potential and increases the probability of population extinction (Lande 1995, 
Lynch et al. 1995; Amos and Balmford 2001; Keller and Waller 2002; Reed and Frankham 
2003; Spielman et al. 2004; Hedrick 2005; Reed 2005). Management of genetic resources in 
threatened or rare species is thus of particular concern to conservationists. 
Previous studies demonstrated that adult populations of Araucaria nemorosa have 
relatively high levels of genetic diversity at nuclear microsatellite loci compared to 
populations of their common congener A. columnaris. However, assessment of population 
genetic diversity over the species' range indicates that fragmentation has led to genetic 
bottlenecks in some populations (Chapter 2 and 3). Assessment of genetic variation in 
seedling populations revealed elevated inbreeding coefficients in seedlings compared to 
adults suggesting that A. nemorosa may be exposed to inbreeding as a consequence of 
fragmentation (Chapter 3). Demographic studies of A. nemorosa show that seed set and cone 
production are generally very low with a' high variance between individuals, which may lead 
to very few individuals contributing to the gene pool of a seed cohort. Furthermore, the 
current disturbance regimes and succession in some remnant populations may stifle natural 
regeneration proving an additional threat to the species (Chapter 4). Restoration and 
augmentation of populations by planting nursery-reared trees is a major conservation 
objective for A. nemorosa. Ensuring that this planting stock has a wide genetic base is vital 
to its success. 
The genetic composition of nursery-propagated trees has been of concern in forest 
management systems, particularly where genetic bottlenecks have led to genetically 
depauperate nursery stock. Genetic bottlenecks in seed lots can arise in two principal ways. 
Firstly, only a few trees may be sampled for the establishment of nursery stock. For example, 
tree nursery surveys in East Africa revealed that out of 148 cases on average only 6.4 
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maternal parents contributed to nursery lots (Lengkeek et al. 2005). This problem has also 
been observed in Scottish native woodland restoration programmes (Ennos et al. 2002). High 
variance in family size within a population can lead to a few individuals contributing 
disproportionately to the next generation resulting in a cryptic genetic bottleneck (Luikart et 
al. 1998). A large difference in fertility among trees has been reported in many species 
(Savolainen et al. 1993; Bilir etal. 2003) and has been of concern in maintaining the genetic 
base of seed collected from seed orchards and seed stands of commercial forestry species 
(Muona and Harju 1989; Kang and Lindgren 1998; Bilir et al. 2003). This can contribute to 
the rapid accumulation of relatedness and successive inbreeding in the next generation. For 
example, it has been estimated that only 20% of clones produce 80% of seed in most clonal 
conifer seed orchards (El-Kassaby 1995). This is a particular problem for endangered species 
where the success of a species depends on artificial supplementation of populations with 
nursery stock possessing high genetic diversity and low inbreeding. 
Highly variable nuclear microsatellites (nSSRs) are a practical tool for comparative 
assessment of the genetic variation in nursery lots providing a powerful means of monitoring 
for cryptic genetic bottlenecks. Theoretical and empirical studies have demonstrated that 
assessment of allele frequency and indices of allelic variation provide a more robust means 
of monitoring for genetic bottlenecks than heterozygosity (Nei et al. 1975; Leberg 1992). A 
bottleneck causes the loss of rare alleles and an increase in the relative abundance of 
intermediate- and high-frequency alleles (Luikart et al. 1998a). As such, monitoring the 
change in allelic richness and the relative abundance of low-, intermediate and high-
frequency microsatellite alleles provides a powerful means of detecting genetic bottlenecks 
(Luikart et al. 1998b; Spencer et al. 2000). An alternative method is based on the idea that 
recent bottlenecks will lead to an excess of heterozygosity at neutral markers relative to 
heterozygosity expected at mutation-drift equilibrium (Cornuet and Luikart 1996; Luikart et 
al. 1998b; Piry et al. 1999). This approach has the advantage that no genetic data from the 
pre bottleneck population are required and has successfully detected demographic 
bottlenecks in a number of natural populations (Luikart and Cornuet 1998). 
In this study we use changes in genetic diversity, allelic richness and allele frequency 
from adults to nursery seedling populations to assess extent of genetic bottlenecks in seed 
and seedling populations with the aim of making recommendations for the best strategy for 
restoration. Current nursery practices involve collecting seed from A. nemorosa populations. 
However, an alternative is to collect seedlings directly from the forest floor and rear these in 
nurseries, utilising what might otherwise become a wasted genetic resource. Comparing the 
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genetic diversity and effective population size of wild seedling populations established 
within the forest, with nursery reared seedlings will provide insight into which of these is 
more desirable as a means of generating planting stock which is genetically robust. 
Specifically the objectives of this chapter are: 
To identify potential problems with the current seed collection strategy used in the 
propagation of A.nemorosa nursery stock. 
To determine the most effective means of sampling parental genetic diversity to 
ensure genetically robust nursery seedlings of A. nemorosa. 
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5.2.0 Methods 
521 Study populations and sampling strategy 
Araucaria nemorosa is found in evergreen rainforest at low altitude at a single locality in the 
extreme south east of New Caledonia in the region known as 'Port Boise'. Eight populations 
have been identified and seven of these have been previously described for studies of the 
population genetic of A. nemorosa (Chapter 2 and 3). This study focuses on two of the 
populations 'Kaanua' (NI) and Foret Nord (N6) (Figure 2.1). In 2001 two New Caledonian 
nurseries made seed collections one from each of these two populations. The seed was sorted 
by flotation then germinated in special nursery seed facilities in June 2001 where they were 
protected from fungal pathogens and seed predators. After germination they were potted out 
and further reared under shade conditions. Germination rates were generally low at around 
30%-40%. The resulting nursery lots (from here on referred to as NR 1 and NR6 respectively) 
were established for use in habitat restoration programmes and to investigate A. nemorosa 'S 
silvicultural potential. Lot NR 1 was derived from seed collected by climbing trees and 
sampling cones directly in population Kaanua (NI), Lot NR 6 was derived from seed 
collected from the forest floor of population Foret Nord (N6). 
In order to assess the genetic diversity of nursery lots a total of 80 seedlings were 
sampled for leaf material from the two A. nemorosa nursery seedling populations in 
February 2003. 40 seedlings were randomly sampled from lot NR 1 and 40 seedlings from 
NR6 (see Table 5.1). The material was dried and stored in silica gel for later DNA isolation. 
The genetic diversity in the nursery lots was compared to the genetic diversity of wild 
established seedlings and adult trees from the same source populations. 
Table 5.1 Summary details of DNA samples from nursery lots and wild source populations 
of A. nemorosa including: the size of the nursery seedling lot (JV); the source population 
(SF); the area of the source population in hectares; the number of nursery seedlings (Na), 
wild seedlings (Sn) and adults (A n) screened for seven microsatellite loci. 
SP area 
Nursery Lot 	N 	SP 	 (Ha) 	Nn 	S,, 	A 
NR, 	 144 Kaanua (N 1) 	22.68 40 40 40 
NR, 300 	Foret Nord (N6) 0.44 	40 	40 	40 
The sampling strategy for the adults and wild seedlings from the source population has 
been previously described in Chapter 2 and 3. Briefly, leaf needle material was sampled 
from 40 adult trees, covering as much of the population area as possible maintaining a 
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distance of at least five metres between adult trees. Leaf material from wild seedlings was 
sampled at the same time as the adults, sampling each seedling as close as possible to the 
sampled adult. This ensured that the seedling sample represented an equivalent sampling 
scale. The location of all adult trees was recorded using a UPS. 
5.2.2 DNA isolation and nSSR loci analysis 
DNA isolation and nSSR analysis followed protocols previously described in studies to 
assess genetic diversity and inbreeding in adult and wild seedling populations of A. 
nemorosa and A. columnaris (Chapter 2 and 3). Briefly, all samples were screened using 7 
nSSR primer pairs isolated from New Caledonian Araucaria (Robertson et al. 2004). Total 
DNA was extracted using the high throughput Qiagen 96-Well-Plate centrifuge system 
(Crawley UK). 
5.2.3 Statistical analysis 
The statistical approaches used here to investigate genetic diversity of nursery reared 
seedling populations follow those used to investigate diversity in adult tree and wild seedling 
populations of A. nemorosa previously described in detail in Chapter 2, and are therefore 
only summarized below. 
Genetic diversity and inbreeding coefficients (F js): F-STAT version 2.9.3.2 (Goudet 1995) 
was used to estimate population level genetic diversity in nursery lots in terms of mean 
number of alleles (mA), allelic richness (A e), and gene diversity (II) and inbreeding 
coefficients (F15). 
Detecting genetic bottlenecks in nursery seedlings: In order to investigate evidence of 
genetic bottlenecks in nursery planting stock several alternative approaches were used based 
broadly on reduction in genetic variation, or changes in allele frequency between generations 
and estimation of effective population size. 
Reduction in neutral marker variation: A paired t-test and Wilcoxon signed-ranks test were 
used to test for significant reduction in mean heterozygosity, mean number of alleles and 
allelic richness between nursery seedlings and wild seedlings and adults respectively. 
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Furthermore, a simple assessment of the long-term effective population size of nursery and 
wild seedlings was made based on the reduction in gene diversity over generations due to 
drift using the following equation: H/HO = [ 1-1 1(2Ne)] t (following Wright 1931; Frankham 
2003). Here H. and H, are gene diversity in the pre bottleneck adult population and at 
generation I, the nursery or wild seedling populations, in this case only one generation. 
Based on change in allele frequency: The effective population size of nursery and wild 
seedlings was estimated using the 'temporal method' or 'variance test' (Waples 1989; 
Luikart et al. 1998a). This method first calculates the standardized variance in the allele 




Fk = K - 1 	 ((xi  + yi)12) i=1 
where K is the number of alleles, x, and y1 are the frequency of the ith allele in the first and 
second sample, in this case the adults and seedlings respectively. Fk is then averaged across 
all loci. N is then calculated according to Waples (1989) as in chapter 4: 
Ne = 	 t 
2 [Fk —  1/(2So) - 1/ (2S) + 1/N] 
where I is the duration of the bottleneck in generations in this case a single generation, t 1, 
5, and So were the sample size of the nursery seedling cohort and the adult trees respectively. 
Evidence of a genetic bottleneck was also investigated by a sign test (Cornuet and Luikart 
1996) and Wilcox test (Luikart et al. 1998) using the computer program BOTTLENECK 
version 1.2 (Piry et al. 1999). This software tests for a significant excess of heterozygosity 
compared to expectations under the assumption of mutation-drift equilibrium. The two-phase 
model (1PM) was used for the analysis, as the microsatellites were not considered to fit a 
model of stepwise mutation (SMM). Finally, a Kolomogorov-Smirnov two-sample test was 
carried out to test for a change in the distribution of allele frequencies between nursery 
seedlings and wild seedling and adult populations respectively. 
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5.3.0 Results 
5.3.1 Genetic variation in A. nemorosa nursery stock 
Based on analysis of 80 randomly sampled seedlings from two nursery reared 
populations of A. nemorosa scored for seven nuclear microsatellites all loci were 
polymorphic except for As190 which was monomorphic in seedlings from nursery NR 1 . The 
number of alleles sampled at each locus ranged from 1 to 6 in seedlings from nursery NR 1 
and 5 to 12 in seedlings from NR6 (Table 5.2). The population genetic diversity for the 
seedlings from the two nurseries is summarized in Table 5.2. 
5.3.2 Detecting genetic bottlenecks in nursery lots 
Reduction in genetic variation: There was much lower genetic variability in NR 1 seedlings 
compared with wild seedlings and adults from the same source population. This is illustrated 
by the allele frequency distribution for each locus (see Fig. 5.1 a) and the highly significant 
reduction in allelic richness in NR 1 (A =2.81) compared to wild seedlings (A =8.83) and 
adults (A =9.53) from the same source population (Tables 5.2 and 5.3). Gene diversity was 
also significantly lower in the nursery seedlings NR 1 at 0.46 compared to 0.71 and 0.72 (P 
<0.05) in wild seedlings and adults from NI respectively. 
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Table 5.2 Per locus and multilocus estimates of genetic diversity and inbreeding coefficients 
in nursery reared seedlings (NR) of A. nemorosa and wild seedlings (WS) and adult trees 
from the respective source populations inferred from seven nSSR loci. The mean number of 
individuals genotyped per locus (n); mean number of alleles, (A); allelic richness corrected 
for sample size (A e) and based on a minimum sample size of 16 diploid individuals; gene 
diversity (H5) and inbreeding coeffient (t). 
Population 	Locus n A A I-Is 
Ni 	Arul 38 6 4.08 0.581 -0.088 
AsilO 39 2 2.00 0.505 0.241 
As167 35 2 2.00 0.492 -0.104 
As190 35 1 1.00 0.000 0.000 
As152 39 4 3.41 0.713 -0.068 
As93 37 5 4.38 0.668 -0.093 
As25 40 4 2.79 0.246 -0.119 
NR1 
mean 37.6 3.43 2.8l ac 0 .458a -0.037 
ws 
	
34.4 	11.00 	8 . 83a 	0 . 710a 	0.194* 
Adults 	38.4 12.86 953 a 0 .722a 0.135* 
N6 	Arul 40 12 9.78 0.845 0.263 
AsilO 38 11 8.52 0.815 0.195 
As167 36 4 3.39 0.535 0.381 
As190 37 7 5.20 0.470 0.830 
As152 39 9 7.77 0.650 0.053 
As93 20 5 4.96 0.785 0.240 
As25 40 6 5.21 0.736 0.221 
mean 	
NR6 
35.7 7.71 6.41 bc 0.691 0.282* 
WS 
36.0 7.00 559a 0.624 0.173* 
Adults 35.1 7.57 6.12 0.653 0.009 
* indicates significantly deviates from zero (P < 0.05) al,  indicate a significant difference 	between 
nursery seedlings and wild seedings or adults at P < 0.01 and P < 0.05 respectively C  indicates a 
significant difference between nurseries (P < 0.01). 
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Table 5.3 Estimating the extent of genetic bottlenecks in nursery lots (NR) and wild 
seedling (WS) populations based on change in gene diversity and change in allele frequency 
over a single generation using genetic neighbourhood (Nb) as census size. 
Gene diversity Variance test 
Source population Nb Ne 	Ne/Nb Ne 	Ne/Nb 
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In contrast, nursery seedling lot NR6 had very similar genetic variability to wild 
seedlings and adults from the source population (Table 5.2). The similarity in allele 
frequencies between wild and nursery seedlings is illustrated in Fig. 5.1b. There was no 
significant difference in allelic richness in seedlings sampled from nursery NR 6 (A 6.41) 
compared to wild seedlings from the same source population (A e= 5.59) or adults in the 
source population N6 for either allelic richness or gene diversity (Table 5.2). Comparing the 
allelic richness in seedlings from the two nurseries, NIR 1 seedlings had substantially less 
genetic diversity than NR6 with an allelic richness of 2.81 compared to 6.41 (P < 0.01). 
Based on the change in gene diversity between adults and seedling nursery seedlings 
NR 1 had the lowest Ne at 1 compared to wild seedlings in Kaanua which have a much larger 
estimate of Ne at 30. The nursery lot NIR6 had greater gene diversity, although not 
significantly, than the adult population. This led to a negative estimate of Ne as the method is 
dependent on a decline in gene diversity between samples. The wild seedlings in Foret Nord 
have a Ne of 11. 
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Figure 5.1 a. Allele frequency distributions at seven loci in nursery lot N 1 
seedlings and wild seedlings of A. nemorosa estimated from 40 individuals 
from the nursery and 40 wild seedlings from the source population NI. 
Arul 
ia_n 	 53 
F 
F F 
F F F F F F R V. z z F FF F F F F F F F F F F F 
F 
F F F F! F F F! F F! F!! F!!!!!! F F 
A- 
215 	M M 	M 	 317 	 315 311 	a 	311 	 317 	a 
0.4 
As93 fl 
I I  _ I 1 2U 
• Nursery seedlings 
El Wild seedlings 
147 
Chapter 5 Results 
C:ptic genetic bottlenecks associated with the restoration of Araucaria nemorosa a 
critically endangered endemic confer 
Figure 5.1 b. Allele frequency distributions as seven loci in nursery lot N 6 seedlings 
and wild seedlings of A. nemorosa estimated from 40 individuals from the nursery 
and 40 wild seedlings from the source population N6. 
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Changes in allele frequency: Based on the variance test nursery seedlings both have much 
lower N than the wild seedlings at 4 vs 11 and 5 vs 13 in NR 1 and NR6 respectively (Table 
5.3). There were no significant results using BOTTLENECK (Piry et al, 1999) in any of the 
nursery lots or wild seedlings using either a sign test (NRI p-value = 0.426; NR6 p-value = 
0.591 WS  p-value = 0.313 WS6 p-value = 0.126) or one tailed Wilcox test (NRI p-value = 
0.344; NR6 p-value = 0.656; WS  p-value = 0.594 and WS2 p-value = 0.945). However, 
nursery lot NR 1 shows some signs of a mode shift in allele frequency illustrated in Fig. 5.2. 
Although none of the distributions differed significantly based on a Kolomogorov-Smimov 
two sample test the most significant difference was between adults and nursery seedlings 
NR1 with a P-value of 0.082 compared to wild seedlings and adults which had a p-value of 
0.407. 
5.3.3 Within population inbreeding coefficients (f) in A. nemorosa nursery stock 
The per locus inbreeding coefficient (/) for nursery seedlings from NR 1 ranged from —0.119 
for As 25 to 0.241 for AsilO with a multi-locus inbreeding coefficient of —0.037 which did 
not significantly deviate from zero (Table 5.2). This differs significantly from the wild 
seedlings and adults from the same population which both exhibited a significant 
heterozygous deficit. The per locus inbreeding coefficients (/) for nursery seedlings from 
NR6 ranged from 0.053 for As152 to 0.830 for As190 and a multilocus inbreeding coefficient 
of 0.282 (Table 5.2). Inbreeding in Kaanua adults and wild seedlings both significantly 
deviates from zero (P < 0.05), while at Foret Nord wild seedlings show significant 
inbreeding but the adults do not. 
148  
Chapter 5 Results 
Cryptic genetic bottlenecks associated with the restoration ofAraucaria izeinorosa a 
critically endangered endemic conifer 
Figure 5.2 Distribution of allele frequency classes of alleles for adults, wild 
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5.4.0 Discussion 
5.4.1 Genetic diversity in nursery lots 
The results from this study indicate that nursery stock of A. nemorosa, which have been 
established from seed collections, may both be genetically depauperate and more inbred than 
their wild seedling relatives. The A. nemorosa nursery stock NR 1 has a very narrow genetic 
base despite the fact that this planting stock was established from seed collected from the 
largest and one of the most genetically varied remnant adult populations Kanua (Ni) 
(Chapter 2). 
Allelic richness has dramatically declined in nursery lot NR 1 with the loss of many rare 
alleles, the nursery seedlings have captured less than 30% of allelic diversity present in the 
source population Kaanua and one locus (AS190) is monomorphic. The level of diversity 
observed in NR 1 is comparable with that of the A. columnaris population Baie des Tortues 
which in a previous study was identified as a planted population derived from very few 
parent trees (Chapter 2). In contrast nursery lot NR 6 appears to have much more effectively 
captured the available variation from the source population. Even though the source 
population Foret Nord is the most genetically depauperate of the remnant A. nemorosa 
populations (Chapter 3) the nursery stock has more than twice the allelic richness of NR 1 . 
5.4.2 Evidence for a genetic bottleneck in nursery stock 
Theoretical and empirical studies have demonstrated that loss of rare alleles and a change in 
allele frequency are good indicators of cryptic genetic bottlenecks (Leberg 1992; Luikart et 
al. 1998; Saccheri et al. 1999). The reduction in gene diversity (Hs) in NR 1 over only a single 
generation indicates that this nursery stock has experienced an extreme genetic bottleneck. 
For gene diversity (II) to be affected requires not only the loss of rare alleles but also mid 
frequency alleles (Nei et al. 1975). This suggests the number of adults contributing gametes 
to nursery gene pool in NR 1 is very low. In contrast, the wild seedlings from this source 
population and nursery lot NR6 show no evidence of a genetic bottleneck based on a 
reduction in gene diversity. 
The result from the variance test suggest that in comparison to wild seedlings both 
nursery lots have passed through a genetic bottleneck of less than 10 individuals. This is in 
direct contrast to the wild seedlings, which have much larger estimates of effective 
population size. The BOTTLENECK software (Piry et al. 1999) failed to detect any sign of 
genetic bottlenecks. However, the distribution of allele frequency classes shows some 
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indication of a mode shift in NR 1 (Fig. 5.2), which provides further indication of a genetic 
bottleneck (Luikart et al. 1998). 
There are three main possible explanations for how the nursery seedlings could have 
experienced a genetic bottleneck (high variance in fertility, limited trees sampled or limited 
area sampled) although these are not mutually exclusive. Firstly, high variance in seed set 
could have led to a cryptic genetic bottleneck as a result of unequal contribution from the 
sampled adults with only very few of the individuals contributing the majority of seed to the 
nursery lot despite sampling a large number of trees. High variance in seed set has already 
been reported in A. nemorosa (Chapter 4). In Chapter 4 estimates of N/N, based on variance 
in progeny number over a single season, ranged from 7% to 20%, which equates to an Ne of 
two to six if the recommended minimum number of 30 maternal trees are sampled (Dawson 
and Were 1997; Herbert et al. 1999). These values are comparable with those estimated from 
the variance test in this study. This hypothesis is further supported by the difference in Ne 
between wild seedlings and nursery seedlings. The nursery seedlings represent only a single 
year's collection while the wild seedlings are more likely the result of at least two or three 
seed cohorts and as such reflect a larger effective population size. 
A second explanation is that only very few maternal trees were sampled for seed. This 
hypothesis is supported by the comparison between the nursery lots. The seed for NR. 6 was 
collected directly from the forest floor as the cones began to ripen. Adopting this sampling 
approach is likely to result in a better sample of seed from the entire population as it is easy 
to cover a wide area including many trees. In comparison climbing individual trees is far 
more time-consuming and requires a considerable amount of equipment limiting the 
potential to sample many trees. Sampling very few maternal trees for tree nursery stock has 
been recorded in other studies (Lengkeek et al. 2005) and was identified as the likely cause 
of a genetic bottleneck observed in rowan (Sorbus acuparia) planting stock in a Scottish 
native woodland restoration programme (Ennos et al. 2002). 
A third potential explanation is that seed was sampled from at least 30 maternal trees 
but the trees were from a restricted area within the source population. This may explain the 
difference in allele diversity as the wild seedlings and adults used for the comparison were 
sampled widely over the entire population. This is especially likely to have been the case for 
NR1 where covering a large area would have been prohibited by the seed collection strategy. 
Furthermore, it has already been demonstrated that there is low but significant genetic 
structuring within populations of A. nemorosa (Chapter 4), thus sampling a small area 
would result in a more restricted sample of the gene pool. 
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5.4.3 Inbreeding coefficients in nursery seedlings 
Previous studies have demonstrated that adult and seedling populations of A. nemorosa 
exhibit some level of inbreeding as indicated by significant positive inbreeding coefficients 
(Chapter 2 and 3). Nursery lot NR 1 however, did not show significant inbreeding coefficients 
but if anything slight heterozygous excess at most loci. One possible explanation for this 
somewhat paradoxical result is that the seedlings are the offspring of very few parents, which 
mated randomly within a restricted area and seed was only collected from this restricted area. 
Under this scenario a heterozygous deficit compared to Hardy-Weinberg would not be 
detected if allele frequencies were estimated from the restricted sample area. However, the 
sample would show a deficit of heterozygosity if allele frequencies from the whole 
population were used in estimating expected heterozygosity, indicating inbreeding in the 
sample relative to the whole population. This hypotheses is consistent with the idea of a 
genetic bottleneck in nursery lot NR 1 due to few parental trees being samples in a restricted 
area. 
In contrast, nursery lot NR6 has a significant positive inbreeding coefficient, which is 
considerably greater than the wild seedlings and the adults in the source population. In fact 
this is the highest inbreeding coefficient observed in any of the A. nemorosa seedling 
samples. The highest inbreeding coefficient previously reported in wild seedlings was from a 
small isolated population, Cap Reine Charlotte (N4) (Chapter 3). One explanation for this is 
that the inbred progeny produced by selfing and bi-parental inbreeding, are selected out 
under natural forest conditions, but survive in the comparatively benign and homogenous 
conditions of the nursery. Homogeneous greenhouse environments have been reported to 
lead to a reduction in heterozygosity in nursery stock of other tree species (Konnert et al. 
2003). 
5.4.4 Implications of genetic bottlenecks in nursery stock for conservation 
The remaining populations of A. nemorosa are subject to considerable threats as a 
consequence of habitat loss and natural succession (Chapter 3 and 4). The conservation of 
this species to some extent is dependent on establishment of nursery reared planting stock. It 
is therefore vital that this stock is genetically healthy. Genetic variation plays a critical role 
in a plant's ability to survive in rapidly changing environments. Loss of allelic diversity as a 
consequence of genetic bottlenecks is governed by effective population size and is thus 
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expected to reflect the loss of both neutral and ecologically significant variation (Nei et al. 
1975; Petit et al. 1998). Genetically depauperate nursery stock may suffer from inbreeding 
depression in subsequent generations (Keller and Waller 2002; Amos and Baimford 2001). 
Additionally genetic bottlenecks could lead to a reduction in adaptive potential, the rapid 
fixation of deleterious alleles, and extinction by mutational meltdown (Lande 1995; Lynch et 
al. 1995). Ensuring that nursery stock is representative of the available genetic resources is 
essential for effective conservation of populations of A. nemorosa. 
This study has demonstrated that sampling seed for the establishment of nursery 
stock may not be the most efficient means of establishing genetically diverse and non-inbred 
stock. However, the wild seedlings in both source populations contain levels of variation 
comparable to the adult populations and are likely to be the product of a much larger 
effective population than would contribute to a single season's seed collection. Mortality 
levels in seedlings of A. nemorosa are predicted to be relatively high especially in old growth 
forests such as Foret Nord (Chapter 4). Therefore, sampling wild seedlings directly from the 
forest floor and rearing these on in nurseries may be a more efficient use of conservation 
resources. This will be better than rearing seed collected widely from the forest floor because 
the seed will only relate to that years reproductive session and highly inbred individuals have 
yet to be selected out of the population. On the other hand seedlings are likely to represent 
several year reproduction and inbred individuals are likely to have been removed early 
during germination. The fitness of seedling populations is therefore expected to be higher 
than that of the seed population. 
5.4.5 Conclusions 
Extreme genetic bottleneck in nursery lots of A. nemorosa can result as a consequence of a 
combination of ecological factors and sampling strategy. High fertility variance can lead to a 
cryptic genetic bottleneck while sampling few individuals over a restricted area can 
compound this. Support for this hypothesis is provided by the estimates of effective 
population size. The overall conclusion from this is that collecting seed directly from trees of 
A. nemorosa is not an effective means of establishing genetically diverse planting stock for 
restoration. Collecting seed from the forest floor is a better' method, but contains a high 
proportion of inbred individuals. The best method involves collecting wild seedlings from 
the forest floor and rearing these on in nurseries, this is recommended as it will lead to 
planting stock that captures large amounts of genetic diversity and has been purged of highly 
inbred individuals. 
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6.1.0 Introduction 
Forest fragmentation is predicted to have deleterious genetic consequences for 
remnant tree populations. Loss of genetic variation, elevated inbreeding and genetic isolation 
are expected to have major consequences for population fitness and ultimately extinction 
risk. While empirical evidence demonstrates that fragmentation has a range of genetic 
consequences for tree populations, few studies have addressed these issues in tropical conifer 
species. Furthermore, the implications of genetic factors for population persistence are less 
well understood especially in forest trees. Studies, which integrate conservation genetics and 
ecological approaches to interpret the mechanisms of population persistence, are likely to be 
most informative. 
The conifer flora of New Caledonia is a globally important group, whose species have 
become highly fragmented and threatened by human activities such as mining, timber 
exploitation and land clearance (Watt 1999). Eleven of the 13 Araucaria species have been 
afforded conservation status. Araucaria nemorosa has the highest conservation status of all 
the New Caledonian Araucaria with a highly fragmented and restricted range. How well A. 
nemorosa survives under these conditions will depend on a number of genetic and ecological 
factors. 
Theory predicts that A. nemorosa will be genetically depauperate compared to a more 
common widespread congener because effective population size will be reduced. Loss of 
genetic variation coupled with elevated levels of inbreeding could push this species into an 
extinction vortex. Under this scenario the genetic consequences of fragmentation would 
compromise the species' ability to recover from stochastic population perturbations. 
However, genetic factors are unlikely to operate independently of ecological processes. 
Therefore understanding how these processes interact is fundamental to appreciating the real 
consequences of fragmentation for A. nemorosa. 
The extensive fragmentation of Araucaria habitat means that habitat restoration is a 
major conservation objective. An appreciation of the extent of genetic resources within this 
species, and how best to sample material to maintain genetic variation, will be critical to its 
effective conservation. 
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6.2.0 Summary of research objectives 
The purpose of this research was to assess the genetic consequences of fragmentation 
in New Caledonian Araucaria and to investigate how genetic factors interact with ecological 
factors to determine the risk of extinction in the critically endangered A. nemorosa. 
Specifically the following questions were addressed: 
I. 	Are adult populations of A. nemorosa genetically depauperate compared to a 
more common congener? 
Does A. nemorosa show genetic changes in the current generation of 
offspring that suggest it may be entering an extinction vortex as a consequence of 
fragmentation? 
How do genetic and ecological factors interact in A. nemorosa populations 
to influence its probability of survival? 
Are current sampling strategies of germplasm effective at capturing the 
extant genetic variation in genotypes of high fitness for restoration of A. nemorosa 
populations 
6.2.1 Summary of results 
Despite its restricted and fragmented range A. nemorosa is not genetically depauperate 
compared to the locally common A. columnaris. If anything the adult populations of A. 
nemorosa have levels of genetic variation at microsatellite loci greater than in populations of 
the locally common congener A. columnaris. The New Caledonia Araucaria species in this 
study do not exhibit unusually low levels of variation compared to a range of other conifer 
species demonstrating that contrary to previous research (Peakall et al. 2003), exceptionally 
low diversity is not necessarily a characteristic of the Araucariaceae (Chapter 2). 
Overall there is some indication that genetic diversity at microsatellite loci is related to 
population size in A. nemorosa but not in A. columnaris. Considering A. nemorosa 
populations individually, particularly small and isolated populations are characterised by low 
diversity. Comparing genetic diversity between life stages, A. nemorosa seedlings show a 
significant reduction in gene diversity compared to adults, a pattern not observed in A. 
columnaris. This suggests that genetic bottlenecks may be a recent consequence of 
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fragmentation that is manifest in seedling populations. It arises because few adults contribute 
to the seedling gene pool (Chapter 3). 
Assessment of population differentiation at microsatellite loci in A. columnaris over 
its total range shows a pattern of isolation by distance, with structure associated with 
geographic regions of the island archipelago over distances of 10's to 200 km. More 
surprisingly, significant differentiation among populations (Fs) was observed in A. 
nemorosa and A. columnaris over small spatial scales of the order of a few kilometers. 
Furthermore, pairwise estimates of Fsr  in adult populations of A. nemorosa indicate that one 
geographically separated inland population, Foret Nord, may be genetically isolated from 
other remnant populations (Chapter 2). 
Assessment of population differentiation in adult populations reflects historic levels of 
gene flow, which may be very different to contemporary gene flow in recently fragmented 
landscapes. If fragmentation has restricted gene flow we might expect to see this by 
assessing differentiation in seedling populations. Both species showed equivalent levels of 
differentiation at neutral markers among populations at both life stages. However, in A. 
nemorosa, Foret Nord was the only population in which seedling mean pairwise FST  was 
greater in seedlings than adults supporting the hypothesis that this population is genetically 
isolated (Chapter 3). 
Both A. nemorosa and A. columnaris exhibit a significant heterozygote deficit in adult 
populations indicating a departure from random mating with a mixed mating system of 
reproduction (Chapter 2). Furthermore seedling populations of of A. nemorosa exhibit a two-
fold increase in Fjs compared to adult populations. This suggests that the contemporary 
mating system may have been disrupted as a consequence of recent fragmentation. In 
contrast, A. columnaris, whose populations have not been recently altered, show no 
difference in Fjs between life stages (Chapter 3). Elevated inbreeding and increased genetic 
isolation are predicted to have deleterious consequences for fragmented populations. 
Considering genetic factors alone Foret Nord may be especially susceptible to the deleterious 
consequences of fragmentation. 
Assessment of the stand structure in the remnant populations of A. nemorosa suggests 
that they are at different seral stages. Foret Nord appears to be in a late seral stage especially 
dominated by angiosperm trees (Chapter 4). This may leave this population even more 
vulnerable to extinction, as ecological and genetic processes interact. The estimates of 
effective breeding population size in A. nemorosa indicate that the very low seed set and 
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high fertility variance do not provide a strong explanation for the observed heterozygous 
deficit in the wild seedling populations. An increase in self-fertilisation rate is the most likely 
explanation for this (Chapter 4). In late successional populations such as Foret Nord, which 
are faced with increased density of angiosperm trees, increased rates of self-fertilisation may 
have especially serious consequences for population persistence. Elevated inbreeding is 
predicted to lead to an increase in inbreeding depression, which is likely to weaken A. 
nemorosa 's capacity to recover from perturbation or compete with angiosperm trees. 
A. nemorosa is faced with a number of challenges as a consequence of fragmentation 
and natural succession. The results from this study suggest that restoration may be vital to 
conservation of some populations, Foret Nord being a case in point (Chapter 4). Establishing 
genetically healthy planting stock is a fundamental first step in such restoration. Theory 
predicts that high fertility variance can lead to cryptic genetic bottlenecks in populations 
resulting in a loss of genetic variation. Quantifying the genetic variation in two A. nemorosa 
nursery lots using seven microsatellite loci and comparing the genetic variation to that found 
in wild seedlings and adult trees from source populations revealed that one nursery lot had 
experienced an extreme genetic bottleneck (Chapter 5). Estimates of effective population 
size indicate that this is likely to be a consequence of high fertility variance in the maternal 
trees and the seed sampling strategy used. Sampling seed directly from the tree is the least 
efficient method of collecting genetically diverse germ plasm. Collecting seed from the 
forest floor seems a more effective means of capturing genetic variation. However, 
germinating this seed under nursery conditions appears to result in planting stock that 
contains a high proportion of inbred individuals. Although this study is based on only a two 
samples of nursery stock and thus lacks replication, it indicates collecting seedlings directly 
from the forest floor is a more robust means of establishing planting stock for restoration. 
Inbred individuals may have already been purged from this population (Chapter 5). 
Making predictions on the genetic consequences of fragmentation from a comparative 
study of a single pair of species has limitations. It is acknowledged that we do not have 
replication and as such have limited power of statistical inference with no degrees of 
freedom. Other threatened New Caledonian Araucaria may show different patterns of 
genetic diversity and levels of inbreeding in seedlings incongruent with the results reported 
here. This problem could be solved by further investigation including other endemic 
Araucaria which exhibit different degrees of fragmentation. However, this was beyond the 
scope of a PhD thesis. 
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6.3.0 Discussion 
The purpose of this discussion is to place this research into a wider context, and 
consider the implications of these findings for conservation and management of New 
Caledonian Araucaria. The results will be discussed under three main headings: loss of 
genetic variation, restricted gene flow and altered mating system, in an attempt to identify 
the circumstances under which genetic factors present a real threat to conservation. I 
consider the implications of these results for restoration of A. nemorosa, and finally I suggest 
future research, which will add to our understanding of the ecological and genetic processes 
that may threaten this fascinating and ancient taxon. 
6.3.1 What are the real genetic consequences of fragmentation? 
Loss of genetic diversity: The genetic composition of a species is determined to a large 
extent by it demographic history. At the end of the last glacial maximum 14,000 to 9000 BP, 
the mainland of New Caledonia, Grand Terre, was connected to the Island of Pines by a land 
bridge (Stevenson et al. 2001). This low altitude ultramafic terrain may have provided a site 
for the establishment of lowland rainforest and habitat suitable for both A. nemorosa and A. 
columnaris. The transition to the interglacial and loss of this territory may therefore have 
represented a range restriction especially for A. nemorosa. Pollen core and charcoal analysis 
indicate that the late glacial transition was a period of major vegetation disturbance by fire in 
New Caledonia (Stevenson et al. 2001). This was followed by a considerable increase in the 
proportion of Araucaria pollen about 6000-4000 year BP (Stevenson et al, 2001), indicating 
stabilisation of forest composition. Humans had a major impact on the vegetation of New 
Caledonia, especially the lowland rainforest on their arrival to the islands from around 3000 
years BP (Stevenson et al. 2001) with the last 150 years resulting in further loss of forest 
habitat (Jaifre 1995). The distribution of lowland rainforest in New Caledonia is thus likely 
to have been highly dynamic over the last 20,000 years, although the current restricted range 
of A. nemorosa may be of more recent origins. 
To appreciate the extent to which historic demographic processes might affect genetic 
variation of A. nemorosa requires some idea of its generation time. A loss of variation by 
drift or inbreeding will depend of populations remaining small over a number of generations. 
Although there has been limited research attempting to age New Caledonian Araucaria, it 
appear that, like the Araucaria of South America, the New Caledonian Araucaria are likely 
to be very long-lived. Ageing trees based on counting growth rings and assuming that they 
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represent annual growth, an individual A. nemorosa of 40 cm dbh is around 420 years old 
(Waters et al. 2002). The presents of annual growth rings has been reported in some tropical 
trees where annual dry season is of sufficient intensity to induce rings (Worbes 1995). 
However, Waters et a! (2002) questioned whether growth rings were annual after observing 
a specimen A. nemorosa planted in 1981 in the arboretum at the Parc Provincial de la Riviere 
Bleue with an equivalent dbh. Nevertheless, the rate of growth of a planted tree under the 
'ideal' conditions of an arboretum may be very different to that of a forest environment. 
Taking cores from the specimen tree and comparing growth rings would help to verify this. 
Measurements of past stem growth, as a means of estimating age in New Caledonian 
Araucariaceae, have been favoured by other researchers (Enright and Goldblum 1998; 
Enright et al. 1999). Lesley Rigg has long-term survey plots investigating the demography of 
A. laubenfe!sii and A. montana (Rigg 2005). Remarkably, her work based on seven years of 
growth measurements indicates that seedlings and saplings (i.e < 5cm dbh) of A. laubenfelsii 
may have residency times of between 150-200 years in maquis and 450-500 years in forest 
(Rigg pers. comm. 2005). Considering these observations and the fact that A. nemorosa 
occupies similarly hostile ultramafic substrates with a low nutrient content, it seems very 
likely that the remnant adult populations of A. nemorosa predate the current level of 
fragmentation and have not existed at a small size long enough to lose significant variation 
by genetic drift or inbreeding. As pointed out by Bekessy et al (2002) with regard to A. 
araucana the long life cycle of these trees is likely to conceal the genetic effects of 
fragmentation. This is one explanation for why genetic diversity in A. nemorosa is not 
significantly different from A. columnaris and not genetically depauperate compared to a 
range of other conifer species. 
Identifying the biological population unit is a basic prerequisite for investigating the 
consequences of fragmentation on the population genetic diversity of a species. This is 
especially relevant in long-lived tree species as they are unusual in that the majority of 
genetic variation is found within rather than among populations (Hamrick 2004). However, 
most studies use an ad hoc approach to identify populations, which may vary in its validity 
from one sample population to another. For example in this study A. nemorosa populations 
Foret Nord (N6), Kanuaa (NI) and Cap Reine Charlotte (N4) and in A. columnaris island 
populations Ilot Moro (1P5), Ilot Baieonassie (N4) and hot Porc Epic (G2) are 
geographically discrete units and thus ad hoc identification of populations may have more 
biological reality. Whether other sampled populations act as subpopulations of a larger 
population or are separate populations is not as easily pre-determined. The use of ad hoc 
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population identification may explain why few studies have observed a relationship between 
fragmentation and genetic diversity. For example, Rossetto et al (2004) quantified the 
genetic diversity at microsatellite loci in 21 sample sites of the fragmented tree Elaeocarpus 
grandis. They correlated population metrics including size, distance from closest population 
and isolation (average distance from other populations) with measures of diversity and 
inbreeding. Although they observed a significant correlation between population size and 
allelic richness, on average diversity did not differ significantly between undisturbed and 
fragmented populations (Rossetto et al. 2004) supporting earlier studies (Aldrich et al. 1998; 
Dayanandan et al. 1999). 
Studies of fragmentation often make ad hoc definitions of population size and 
isolation, which may not be biologically robust. Rossetto et al. (2004) for example, define 
isolation without taking into consideration the size of neighbouring populations or the 
landscape context both of which will affect the population's genetic isolation. Census 
population size is unlikely to be indicative of effective population size (Ne) which is much 
more relevant to the level of genetic variation. This is a major challenge for studies that 
attempt to investigate the genetic consequence of fragmentation. Population biologists have 
been interested in the problem of defining inter-patch distance in models of metapopulations 
for some time (Hanski and Gilpin 1997). Hanski (1994) developed a distance measure, 
which considered cumulative geographic proximity of a focal patch as well as cumulative 
patch size of the surrounding patches and the presence of absence of a species in a host patch 
to model insect metapopulation dynamics. Adopting a similar approach to distance measures 
for population genetic studies will probably be more biologically meaningful when 
investigating the consequences of fragmentation in tree species. 
Assignment-based approaches using Bayesian statistics have been developed in an 
attempt to circumvent the problem of ad hoc population identification (Pearse and Crandal 
2004; Manel et al. 2005). For example the STUCTURE software (Pritchard et al. 2000) uses 
a 'clustering' approach to assign individuals to k (where k may be unknown) populations 
based on individual genotypes, whilst simultaneously estimating the population allele 
frequency. This approach has been successful in studying a range of mammals (Mane] et al. 
2005). Unfortunately, it relies on several assumptions which make it less appropriate in plant 
studies, including that the populations are in Hardy Weinberg equilibrium, loci are in linkage 
equilibrium and that all the potential source populations have been sampled (Pritchard et al. 
2000; Pearse and Crandall 2004). Since fragmented populations of mixed mating tree species 
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violate the assumption of Hardy Weinberg equilibrium the clustering approach using 
STRUCTURE was not used in this study. 
This study is consistent with earlier research which suggests that genotypes are lost as 
a direct consequence of deforestation and reduction in population size due to the sampling 
effect of fragmentation (Aldrich et al. 1998; White et al. 1999; Rajora et al. 2000). This 
indicates that the more extreme the reduction in population size the greater the loss of 
genetic diversity. The loss of alleles by genetic bottlenecks reflects a loss of adaptive genes 
as well as neutral genes (Nei et al. 1975) and therefore presents serious consequences for 
maintenance of adaptive variation in fragmented species. This may be particularly serious if 
populations are held at a small size for many generations, as drift and inbreeding will lead to 
further erosion of genetic variation. It has been argued that the longevity of Araucaria means 
that it is unlikely to exhibit a loss of variation in adult populations. However, genetic effects 
of fragmentation are likely manifest in the next generation if effective population size has 
been reduced. That seedling populations of A. nemorosa show a reduction in genetic 
diversity compared to adults indicates that fragmentation has reduced effective population 
size. In contrast Aldrich et a! (1998) in one of the few other studies that considered a range 
of life stages, found no difference between adults and seedlings indicating that this may not 
have been the case in more dispersed angiosperm trees. In order to conserve the forest 
genetic resources of New Caledonian Araucaria management should aim to maximise 
effective population size avoiding the scale of fragmentation observed in A. nemorosa. 
Considering the long generation time in this species artificial population augmentation by 
planting could easily correct the effects of small population size preventing further genetic 
erosion. Furthermore, priority should be given to maintaining variation in the smallest most 
isolated populations such as Foret Nord. 
Implications of genetic structure: The loss of genetic diversity is a function of the 
severity of fragmentation but also the pre-existing population genetic structure. An 
understanding of the distribution of genetic variation among remnant populations is therefore 
important for understanding the genetic consequences of fragmentation. Species which 
contain more variation within rather than between populations, will be more susceptible to 
loss of variation by the sampling effects of fragmentation than those that have low levels of 
variation within populations. 
Population structure is the precursor to answering many other questions in landscape 
ecology, such as estimating migration rates and identifying conservation units. The results 
from this study indicate that the adult populations of both A. nemorosa and A. columnaris 
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have significant genetic structure. The highest levels of differentiation are observed in A. 
columnaris corresponding to a pattern of isolation by distance between island populations, 
supporting the hypothesis that the ocean presents a barrier to gene flow. This is concordant 
with a study of the population genetic structure in the New Caledonian endemic sandalwood 
(Santalum austrocaledonicum), which has a very similar distribution to A. columnaris 
(Bottin et al. 2005). 
However, the level of differentiation among island regions and between populations 
within regions is considerably greater in S. austrocaledonicum with 23% of variation 
between island regions compared to 5% in A. columnaris. Comparison between studies using 
different markers should be treated with caution due to the potential for marker bias. 
However, the numbers of alleles observed in Bottin et al's (2005) study are comparable to 
levels in A. columnaris. Although marker artefacts cannot be completely disregarded as an 
explanation for the difference between these two species the difference in their pollination 
syndrome is a very likely cause. The sandalwood is insect-pollinated with bird-dispersed 
seeds, a life history trait that is associated with greater differentiation compared with wind 
pollinated conifers with wind dispersed seed (Hamrick et al. 1992). 
Studies of other rare conifer species have shown levels of genetic differentiation 
considerably higher than observed in this study. For example in the widespread North 
American red pine (Pinus resinosa) 28% and 35% of variation was found among populations 
based on microsatellite estimates of Fsr  and  RST  respectively (Boys et al. 2005). High levels 
of self-fertilization and consequently low gene flow are presented as an explanation for the 
high level of variation among populations. In the endangered conifer Cathaya argyrophylla, 
which is restricted to the subtropical mountains of China, 44% of variation was found among 
populations based on a survey of allozyme variation (Ge et al. 1998). 30% of variation was 
reported among populations that were separated by only 1-2 kilometres, Ge et a! (1998) 
attribute the unusually high structure in C. argyrophylla to its evolutionary history. Fossil 
evidence indicates that it was previously much more widespread during the Miocene and has 
been exposed to severe bottlenecks and subsequent drift. Inbreeding is also suggested as a 
likely factor in shaping the genetic structure of this species. In contrast, in the South 
American Araucaria, A. angustfolia 4.4% of variation was reported among populations 
based on allozymes (Auler et al. 2002) similar to levels observed in New Caledonian 
Araucaria. 
One of the principle objectives of investigating genetic structure is to determine units 
that are significant for management. The term evolutionary significant unit (ESU) was 
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devised as a practical means of defining a population that requires separate management and 
has a high priority for conservation (Ryder 1986). Waples (1991) defined an ESU as a 
reproductively separate, unique or differently adapted unit. Moritz (1994) defined an ESU 
more specifically, based on a population being monophyletic for mtDNA alleles and 
showing significant divergence of nuclear marker allele frequencies. However, it has been 
more recently argued that ESU's defined solely on neutral marker information lack 
applicability to real conservation needs (Crandall et al. 2000). Combining neutral genetic 
and quantitative genetic data is likely to be more appropriate for defining management units 
(Cavers et al. 2004). This study indicates that it is appropriate to define the A. nemorosa 
population Foret Nord as a management unit (MU) based on both molecular marker data and 
ecological factors. Foret Nord not only shows significant genetic differentiation from the 
other populations at nuclear microsatellite markers but also is the only inland population and 
occupies a site over 100m greater in altitude than all the other sites. Although the presence 
of adaptive variation in this population has not been formally investigated, it is likely that 
Foret Nord has been subject to different environmental conditions, which at the least may 
have led to adaptation to different microclimatic conditions. Tree species usually show 
marked differentiation among populations for adaptive traits (Ducousso et al. 1996; Karhu et 
al. 1996). Taking this into consideration conservation of Foret Nord should be prioritized. 
This also has implications restoration strategies, which will be discussed later. 
Restricted gene flow: Assessment of genetic structure in conifers has been dominated 
by allozyme studies of temperate species that generally indicate a lack of differentiation 
between populations (Hamrick et al. 1992). However, assessment of genetic structure in 
adult populations of A. nemorosa and A. columnaris reveal low but significant levels of 
genetic differentiation (when compared over the same spatial scale), although it should be 
emphasized that this reflects the historic gene flow. It is very likely that gene flow may have 
changed only recently in A. nemorosa as a consequence of fragmentation. Increased 
divergence in seedling cohorts compared to adults, which is likely to be indicative of more 
contemporary gene flow, has been reported in other fragmented tree populations (Aldrich et 
al. 1998; Rossetto et al. 2004). Although at the species level this pattern is not observed in A. 
nemorosa, increased divergence in seedlings of Foret Nord compared to adults is consistent 
with a hypothesis of genetic isolation in this geographically distinct remnant population. 
Ideally the extent to which fragmentation has altered contemporary gene flow between 
remnant populations of A. nemorosa should be determined by direct measures of pollen and 
seed flow. Paternity based methods using either a TWOGENER approach (Smouse et al. 
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2001) or neighbourhood approach (Burczyck et al. 2002) have been used to provide an 
estimated mean pollen dispersal distance in other fragmented conifer populatioins (Robledo-
Arnuncio et al. 2004). Unfortunately, the difficulty with sampling progeny (seed) directly 
from mother trees (a basic requirement for either method) and the high density of potential 
pollen donors, prevented the direct estimate of pollen flow in either study species. 
Determining the scale over which recent migration has taken place in A. nemorosa is an 
important component of further study. Determining seed dispersal distances is equally 
important as even if pollen movement is high this does not necessarily equate to successful 
gene flow if the pollen does not successfully effect fertilization and lead to the establishment 
of progeny. 
Restricted gene flow is predicted to be especially important for isolated populations 
such as Foret Nord where the genetic and demographic consequences of isolation may be of 
importance for its conservation. For example, seed migration among populations may 
increase the viability of rare species by reducing the threat of demographic stochasticity 
within a population and by reducing the risk of extinction of a metapopulation by 
colonisation of unoccupied habitat (Menges 1990). This may be especially important for A. 
nemorosa when succession leads to the domination of a population by angiosperms as is the 
case for Foret Nord. Overall it is not clear to what extent contemporary gene flow has been 
altered by fragmentation in A. nemorosa except that in the case of Foret Nord where it 
appears that fragmentation and landscape context may interact to lead to its genetic isolation. 
This has considerable implications for other species of New Caledonian Araucaria such as 
A. scopulorum and A. rulei which may have become fragmented as a consequence of mining 
activity. This study provides a valuable baseline to which studies of these species can be 
compared. 
This also provides some insight into the processes which may have lead to the 
rapid radiation of the Araucaria genus in New Caledonia. Repeated isolation of 
populations by changing sea levels during the island's history coupled with limited 
gene flow may have contributed to their isolation and speciation. The fact that the 
New Caledonian group are all monoecious may also have contributed to its 
diversification with gene flow being less in monoecious species. In contrast the only 
Araucaria extant in South America, A. araucana and A. augustfolia, are both 
dioecious. 
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Inbreeding and altered mating system interpretation of high F 5 
Both A. nemorosa and A. columnaris exhibit a significant heterozygote deficit 
compared to Hardy-Weinberg equilibrium in adult populations but only A. nemorosa 
seedlings show elevated inbreeding compared to adults. Except in species where self-
fertilization in known to occur, many forest trees do not exhibit a significant departure from 
HWE (Hamrick et al. 1992). Positive estimates of F1s  usually indicate an inbreeding mating 
system. However, microsatellite studies have revealed strong heterozygote deficit in tree 
species that are thought to be predominately outcrossing (Morand et al, 2002; Bottin et al. 
2005) and even functionally dioecious (Litrico et al. 2005). In these cases the characteristics 
of the molecular marker, or ecological processes of leading to strong population structure 
have been suggested as possible causes of the heterozygote deficit. 
The presence of null alleles (Callen et al. 1993; Pemberton etal. 1995) can lead to an 
excess of homozygotes. Null alleles were not considered to account for the positive F1s in 
our study because within population Fjs was consistent across loci and nonamplifying 
individuals were not detected at any loci. Developing new primers upstream and down 
stream of the original ones to see if homozygous individuals remain so under re-
amplification can be used to test for the presence of nulls (Gibbs etal. 1997) and was used to 
cancel out null alleles as a cause of high F15 in the common Ash (Morand et al. 2002). An 
alternative problem with microsatellites is short allele dominance (Wattier et al. 1998). 
Evidence of fainter bands in large alleles was evident in A. columnaris, however this was 
ruled out as a significant problem because there was no difference in the F15 between species 
despite the fact that A. columnaris had many larger alleles. If short allele dominance was a 
problem we would expected higher F1s in A. columnaris, which was not observed. 
Ecological processes leading to population structure has been reported as a cause of 
high F15 . For example, Litrico et a! (2005) observed F15 values ranging from 0.16 to 0.49 in 
adult populations of the pioneer tree species Antirhea borbonica despite its functional 
dioecy. They argue that the effects of dispersal limitation, facilitation (adult tree facilitating 
establishment of seedlings under their canopy) and nucleation (aggregation around other 
conspecifics) can lead to the aggregation of genetically related individuals. This could 
contribute to a high F15 due to both biparental inbreeding and a Wahlund effect during 
sampling. The existence of Wahlund effect in A. columnaris and A. nemorosa is possible. 
Indeed facilitation has been suggested as an important force shaping spatial aggregation in A. 
laubenfelsii and A. montana (Rigg 2005). However, as pointed out by Morand etal. (2002)it 
is difficult to reconcile Fjs values with subunits within populations that would result in an 
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FST value four times that of the FST between populations. Analysis of within population 
structure in A. nemorosa indicated that although significant structure exists it was low, 
providing additional evidence against the existence of a Wahiund effect or high levels of 
biparental inbreeding. Furthermore, strong population substructure is not a feature of 
predominately outcrossing species (Ennos 2001). 
A scenario under which the Wahlund effect could have a powerful effect is when trees 
regenerate asexually via suckering leading to clones in a small subunit. This was implicated 
as a cause of the high F1s observed in S. austrocaledonicum following extensive human 
exploitation (Bottin et al. 2005). No evidence of asexual reproduction was observed in A. 
nemorosa or A. columnaris, with no two individuals sharing the same multilocus genotype. 
The most likely explanation for the results is that positive F15 in both study species of 
Araucaria reflects a mixed mating breeding system with significant selfing. Whether the 
mating system has been altered by fragmentation in A. nemorosa is more difficult to tell. 
Direct estimates of outcrossing using progeny arrays was not feasible in this study system. 
However, as an alternative, assessment of the F15 in seedling populations provides some 
indication of the contemporary mating system. 
Higher numbers of inbred individuals are present is A. nemorosa seedlings compared 
to adults in A. nemorosa but not in A. columnaris. Many authors have shown an increase in 
individual heterozygosity in conifers from the seed to the adult stage (Ferris and Mitton 
1984; Yazdani et al. 1985; Plessas and Strauss 1986; Muona et al. 1987) presenting 
inbreeding depression as the most likely explanation for this change. Seif-fertilisation is 
known to have considerable effects on fertility in some conifer species (Strauss and Libby, 
1987; Sorensen et al. 1987, Sorensen 1999) but not in others (Fowler 1964; 1965). It is 
impossible to predict the amount of inbreeding depression that will be experienced by a 
species based on genetic variation or selfing rate alone. However, the timing and magnitude 
of inbreeding in plants is likely to be reflected to some degree by the mating system, with 
predominately outcrossing species exhibiting inbreeding earlier on and to a greater degree 
than species which are highly self compatible (Barret and Kohn 1991; Husband and 
Schemske 1996). 
This point is well illustrated by the highly selfing conifer Red Pine (P. resinosa) 
which has an overall F15 of 0.504 at microsatellite loci (Boys et al. 2005), but no evidence of 
inbreeding depression under selfing (Fowler 1964; 1965a; 1965b). In contrast other conifer 
species exhibit significant inbreeding depression as a consequence of selfing, with seed set 
declining to as low as 11% due to selfing in predominately outcrossing species (Sorensen et 
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al. 1976). In the predominately outcrossing Scot pine (P. sylvesiris) studies indicate that all 
selfed progeny are eliminated early in the reproductive cycle either by embryo abortion or 
early seedling mortality (Muona et al. 1987; Savolainen and Hedrick 1995). High selfing 
rates may well explain the very low level of seed set observed in A. nemorosa. This has 
serious implications for A. nemorosa as coupled with reduction in population size as a 
consequence of fragmentation, reduced seed set and subsequent reduced fertility may further 
reduce the ability of small populations such as Foret Nord to recover from stochastic 
disturbance. 
The genetic mechanism underpinning inbreeding depression has been a much-debated 
topic. Two main mechanisms are generally offered to explain inbreeding depression, the first 
termed dominance refers to the expression of deleterious recessives in the homozygous state 
leading to reduced vigour. The second is heterozygote advantage or overdominance, where a 
heterozygote has an intrinsic fitness advantage over a homozgote (Ledig 1986). There are 
two hypotheses for the operation of overdominance, the general effect hypothesis or global 
overdominance, and the local effect hypothesis or associative overdominance (Hansson et al. 
2002). Global overdominance relies on the assumption that the heterozygote advantage 
reflects heterozygosity at genome-wide distributed fitness loci. Associative overdominance 
on the other hand is the result of the linkage between neutral marker loci and fitness loci due 
to linkage disequilibria as a consequence of recent demographic processes such as 
bottlenecks and rapid population expansion. Both of these phenomena have been observed in 
wild populations (Hansson et al. 2002) although the exact mechanism underlying inbreeding 
depression in wild populations lacks conclusive evidence. 
Savolainen and Hedrick (1995) found no evidence of an association between 
heterozygosity and fitness in Scots pine. In a long-term experimental study of fitness in 
clones from natural populations of Pinus radiata Strauss and Libby (19 87) found no 
evidence of heterozygote advantage. Depression of growth rates was however associated 
with all life stages in highly homozygous classes with a high frequency of inbred trees, 
indicating significant inbreeding due to dominance. 
Depression of early growth rates may be critical for survival and attainment of canopy 
dominance in pioneer tree species. Reduced growth rates and fitness as a result of 
inbreeding depression may be especially critical to the survival of A. nemorosa seedlings and 
saplings in late seral stage stands. Under such conditions, competition from angiosperm trees 
will be greater and rapid early growth will be vital for colonising gaps after blow down, 
where in the face of limited new habitat for colonisation this may be the only means of 
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recruitment. In later seral stage stands such as Foret Nord where the environmental 
conditions are likely to be less favourable for pioneer species, recessive genes that are only 
mildly deleterious under normal conditions could become more deleterious leading to 
elevated depression (Strauss and Libby 1987). 
It is still unclear why there is a difference between A. columnaris and A. nemorosa 
seedlings in the proportion of inbred individuals. One possibility is that A. columnaris has 
not been subject to the fragmentation and range restriction recently faced by A. nemorosa, 
and that the elevated frequency of inbreds in A. nemorosa seedlings is a consequence of this 
change. However, this does not explain why seedlings of A. columnaris actually have a 
lower proportion of homozygotes than adults. Island biogeography and A. columnaris 's habit 
of colonising islands may provide some explanation. A history of repeated founder events 
from few individuals during colonisation of newly emerged coral islands by A. columnaris 
may have led to intense selection against inbreds under a high frequency of selfing. A similar 
observation was made in the Mexican subalpine relict Picea mexicana, which exhibited 
significant heterozygous excess despite having high levels of inbreeding (Ledig et al. 2002) 
indicating intense selection against inbreds. The fact that one of the smallest most isolated 
coral island populations off the Island of Pines, Ilot Moro (Fig. 2.3), has the lowest F1s  in 
adults (Chapter 3) provides further support for this hypothesis. 
Whether heterozygosity at neutral genetic markers reflects inbreeding and inbreeding 
depression in wild populations has been brought in to question recently with claims that 
despite a number of studies reporting an association between heterozygosity and fitness this 
relationship is usually weak and lacks a theoretical basis (Coltman and Slate 2003; Balloux 
et al. 2004; Pemberton 2004;). A lack of strong association between inbreeding coefficients 
derived from pedigree analysis and homozygosity at microsatellite loci demonstrate that 
heterozygosity is not necessarily indicative of inbreeding (Balloux et al. 2004) and probably 
has little strength as a tool for investigating inbreeding depression (Pemberton 2004). 
Much of the research investigating the relationships between heterozygosity and 
fitness has been conducted in animal populations where pedigree information can be more 
readily obtained (Pemberton 2004; Slate et al. 2004). Nevertheless, in plants the power of 
heterozygosity and inbreeding coefficients to detect inbreeding is likely to be greater 
especially under conditions of selfing, as the correlation between homozygosity and selfing 
is likely to be more robust. Making inferences about levels of inbreeding from neutral maker 
loci is therefore likely to be more appropriate in small plant populations which are expected 
to have partial or complete inbreeding due to selfing. Under the conditions of selfing alleles 
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will become correlated by state (Allard et al. 1968) and as such are more indicative of 
inbreeding. 
The above discussion provides strong support that F 15 is likely to be a good indicator 
of selfing and inbreeding in A. nemorosa seedlings. Furthermore this is likely to result in 
some level of inbreeding depression. Inbreeding depression as a consequence of selfing and 
inbreeding in A. nemorosa is likely to have much more immediate implication for population 
persistence. Inbreeding depression will reduce a population's ability to recover from 
stochastic environmental perturbation and as such could lead to an extinction vortex in A. 
nemorosa. Foret Nord is likely to be especially susceptible to an extinction vortex because a) 
it is small and isolated and thus less likely to receive immigrants to mitigate the effects of 
inbreeding and b) the high density of angiosperms in this late seral stage stand, increased 
inbreeding and subsequent depression may further weaken its ability to persist. 
6.3.2 Implications for restoration 
The success of any restoration programme can be compromised by the use of inappropriate 
or poorly sampled planting stock, particularly due to founder events or inbreeding and 
outbreeding depression (Hufford and Mazer 2003). It has been demonstrated that sampling 
protocols can lead to a genetic bottleneck in planting stock of A. nemorosa (Chapter 5). An 
inadequate germplasm collection protocol resulted in restored population of the eel grass 
(Zostera marina) that were genetically depauperate (Williams and Davis 1996). This is likely 
to compromise restoration efforts because such sampling reflects a loss of adaptive variation 
as well as genotype variation (Nei et al. 1975). Furthermore, a loss of genotype variation 
may be detrimental in the short-term. Low genotype variation in experimental populations of 
Z. marina had a deleterious affect on both resilience and resistance to environmental stress 
(Hughes and Stachowitz 2004; Reusch et al. 2005). This highlights the importance of 
conserving the genetic variation within restored populations. 
Restoration of A. nemorosa populations which use planting stock established from 
wild seedlings collected directly from the forest floor are more likely to avoid such problems 
(Chapter 5). An additional management question is whether seedlings collected from several 
remnant populations should be mixed in order to maximise genetic diversity in planting 
stock. Such decisions should be based on an understanding of the adaptive variation and 
connectivity between populations (Crandall et al. 2001; Hufford and Mazer 2003) and the 
breeding system of the species in question, as these determine the potential for inbreeding or 
outbreeding depression. It is evident from assessment of adult populations of A. nemorosa 
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that Ford Nord retains less allelic richness than Kanuua (N 1) (Chapter 2) so should seedlings 
be collected from this population to augment the allelic diversity of Foret Nord? In the 
absences of data.on adaptive variation it is difficult to answer this question. The delineation 
of seed transfer zones for collection of seeds or germplasm has largely focused on 
commercially important species (Kitzmiller 1990). Although some efforts have been made to 
develop seed zones for native tree species in the UK (Herbert et al. 1999) this has not been 
based on estimates of local adaptation. 
Ideally adaptive variation in a tree species should be assessed by common garden or 
reciprocal transfer experiments. However, this approach can be prohibitively expensive and 
time-consuming. Therefore determining the extent to which neutral marker data can aid the 
decision making process has considerable appeal. Microsatellite markers were used to assess 
genetic variation in the endangered narrow endemic shrub Mauna Loa Silversword 
(Argyroxiphium kauense), in an effort to inform a reintroduction programme (Friar et al. 
2001). Their study revealed significant differentiation among remnant populations and high 
variation within populations, attributing this to the population history and the species 
apparent self-incompatibility. Friar et al. (2001) concluded that augmentation of within-
population variation by mixing of propagules from different populations was not required to 
mitigate inbreeding and therefore best avoided to minimise the risk of outbreeding 
depression. 
Restoration of A. nemorosa populations should aim to avoid the deleterious 
consequences of inbreeding and outbreeding depression whilst maintaining genetic variation. 
The levels of genetic variation among remnant populations at microsatellite loci in adults and 
seedlings of A. nemorosa indicate that the risk of outbreeding depression is likely to be 
small. However, predictions about the scale over which outbreeding depression may occur 
based on genetic marker data alone is likely to be weak. Plant species show adaptive 
variation over a range of scales, which may not be reflected in, or even detected by patterns 
of neutral marker variation (Karhu et al. 1996; Knapp and Dyer 1998; Bekessy et al. 2003). 
Foret Nord as discussed earlier should be treated as a separate management unit to avoid 
outbreeding depression and to ensure the maintenance of the overall species diversity. This 
population is likely to harbour unique adaptive traits which should be conserved, avoiding 
translocation of germplasm from other populations as part of a restoration strategy would 
avoid any risk of genetic swamping (Hufford and Mazer 2003). 
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6.3.3 Future work 
This thesis forms the first population genetic research on the New Caledonian Araucaria and 
provides a valuable baseline dataset for comparison with other endemic species within the 
genus facing similar threats. Investigation of genetic structure at the landscape scale in other 
species will provide useful information for the development of management guidelines to 
minimise the deleterious affects of fragmentation during mining and other land uses. 
Confirming the scale over which recent migration has occurred in the fragmented 
populations of A. nemorosa and comparing these with island populations of A. columnaris 
will provide valuable further insight to the landscape context over which genetic isolation 
occurs. Recent developments in Bayesian assignment tests are likely to provide a powerful 
tool for this investigation (Pearse and Crandall 2004). Initial tests of the programme 
BayesAssNm (Wilson and Rannala 2003) indicate this approach will be highly informative 
but the current version does not adequately model gene flow via pollen and seed. The 
authors of BayesAssNm are currently developing the programme estimate pollen and seed 
flow among populations using the data from this thesis. 
Determining the extent of adaptive variation within A. nemorosa using reciprocal 
transplant and common garden experiments will provide more definitive conservation 
guidelines to avoid outbreeding depression and confirm the appropriateness of treating Foret 
Nord as a separate management unit. Provenance trials which have already been instigated 
would also provide a means of exploring inbreeding depression in the inbred nursery 
progeny by monitoring the success and growth rates of these individual when planted out 
under field conditions. 
Long-term demographic studies of A. nemorosa and investigation of regeneration 
niche requirements would also be valuable further study. This would provide practical 
guidance for restoration efforts, which aim to establish completely new populations or to 
facilitate colonisation of unoccupied habitat and improve natural regeneration. Investigating 
shade tolerance, nutrient requirements and competitive ability to angiosperms would also 
provide great insight into its regeneration ecology. 
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6.3.4 Practical conservation recommendations 
This research confirms the current conservation status of A. nemorosa as 
critically endangered (B 1 + 2c). This species has an area of occurrence and 
occupancy considerably less than the 100 km' and 10 km' (9.8km 2 and 0.64 
km2) respectively required for IUCN classification. 
M. The remaining A. nemorosa populations are in a state of decline with both the 
genetic and ecological consequences of fragmentation jeopardising their 
survival. 
All remaining populations of A. nemorosa should be conserved to maintain 
the species' extant genetic resources while efforts should be made to reverse 
the current fragmented population structure. 
• The inland population of Foret Nord should receive urgent conservation 
priority. It is not only the most vulnerable population but also a unique 
component of this species' genetic biodiversity. 
• The abundance of angiosperm tree species in Foret Nord coupled with the 
genetic consequences of fragmentation are likely to lead to the extinction . of 
this population without effective management. 
• Conservation efforts should prioritize the establishment of nursery planting 
stock both for the augmentation of the most vulnerable populations and 
establishment of new populations to increase population size and connectivity. 
• Collecting wild seedlings from the remaining populations and rearing these in 
nurseries is the most effective means of establishing a genetically robust 
planting stock 
• Priority should be given to collecting seedlings from all remnant populations. 
However, maintaining the Foret Nord seedlings as a separate management 
unit is recommended. 
• Landscape changes, which lead to the further fragmentation of New 
Caledonian Araucaria, should be avoided. Continued fragmentation and 
reduction in population size due to change in land use is likely to lead to 
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